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High velocity oxy-fuel (HVOF) thermal spraying is a surface engineering 
technique which can be used to deposit coatings to provide protection from 
wear or corrosion. Powder particles are accelerated using a spray torch and 
are fired towards the required surface. WC-Co-Cr is a commonly used 
material that is deposited using this technique to act as a wear resistant 
barrier. The use of composite WC-Co/NiCrFeSiB coatings has also been a 
topic of interest for applications that require resistance to wear at high 
temperatures. 
In recent years, manufacturers have sought to develop thermal spray 
processes for internal surfaces, and this was followed by the development 
of internal diameter (ID) HVOF thermal spray torches that have smaller 
dimensions than the previously commercially used spray systems. This 
allowed the deposition of HVOF thermal spray coatings onto surfaces which 
were previously considered impossible to coat in this manner. Little is 
currently known regarding the effects of spraying in these conditions due 
to the recent development of the new ID spray systems.  
In this EngD thesis, three types of WC-Co-Cr powder feedstock differing in 
WC grain size and overall particle size were sprayed with an ID-HVOF 
thermal spray torch. Detailed microstructural characterisation of the 
sprayed coatings followed by the measurement of coating mechanical 
properties and dry sliding wear testing at three loads was performed. It 
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produced coatings with a high microhardness but led to greater 
decarburisation of the WC phase reducing the fracture toughness. This was 
because the smaller particles require less energy for heating and 
acceleration, leading to higher in-flight temperatures and velocities. The 
coatings sprayed using the smaller particle feedstock however performed 
to a good relative standard in the dry sliding wear testing, leading to it 
being selected for internal spray experiments. 
The selected WC-Co-Cr powder was then sprayed onto discs mounted on 
the inside of three cylindrical tubes with different internal diameters of 
70mm, 90mm and 110mm. Spraying within the smallest diameter tube 
produced coatings with the lowest microhardness and highest porosity. This 
was likely due to particles being unable to accelerate sufficiently when 
spraying within the smallest tube due to the reduced stand-off distance. 
Brittle η-phase carbides were found within all three internally sprayed 
coatings possibly formed by substrate overheating due to the increased 
challenges of substrate cooling processes in ID-HVOF thermal spraying.  
To investigate the effects of spraying a composite powder feedstock, a WC-
Co/NiCrFeSiB feedstock was sprayed using the ID-HVOF torch using two 
different spray parameter sets. Detailed microstructural characterisation 
and measurement of mechanical properties revealed that increasing the 
overall gas flowrate produced coatings with a higher microhardness which 
also exhibited better sliding wear resistance. This is due to greater in-flight 
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Chapter 1. Introduction 
 
High velocity oxy-fuel (HVOF) thermal spraying is a widely used method to 
apply wear resistant coatings on parts used in a variety of industries, such 
as the aerospace, steel, energy, and chemical/process industries. HVOF 
thermal spraying involves the spraying of particles typically in the size 
range of 5 – 45µm, by feeding them into a spray torch alongside a fuel and 
oxidiser source, which are then ignited with the heated powders being 
expelled from the torch carried by gases now moving at supersonic speeds.  
There has been a growing interest in the application of HVOF thermal spray 
coatings for surfaces such as the inside of parts such as cylindrical pipes, 
billet moulds and ball valves, known as internal diameter (ID-HVOF) 
thermal spray. Potential applications include the deposition of wear 
resistant coatings such as WC-Co-Cr for the protection of the internal 
surface of billet moulds used in the steel industry to prolong their service 
life, or WC-Co/NiCrFeSiB composite coatings to provide high temperature 
corrosion and wear resistance for the internal surfaces of process piping. 
However, the application of coatings on the internal surfaces of such parts 
has many associated challenges. HVOF thermal spraying is a line of sight 
process with the spray torch physically needing to be pointing at the target 
substrate to apply a coating, meaning the variety of applications of this 
technique is limited by the physical dimensions of the torch itself. To apply 
a coating on the inner surface of a part such as the housing of a ball valve 
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internal surface, the torch would need to fit inside the part to be sprayed 
to coat the surfaces inside. Furthermore, a certain distance is required 
between the HVOF torch nozzle exit and the part to be coated to allow time 
for the particles to accelerate to the required high velocities, known as the 
stand-off distance. When applying coatings on parts with smaller internal 
diameters, this stand-off distance could be as low as 30mm compared to 
the typical stand-off distances of around 300mm needed in traditional HVOF 
thermal spray processes, meaning there is a shorter distance available for 
particles to accelerate to the high velocities required to produce good 
coatings. 
To meet the demands of ID-HVOF thermal spray, manufacturers have 
begun to develop a variety of thermal spray systems that possess much 
smaller dimensions and can spray coatings at shorter stand-off distances 
than the older, previously used thermal spray torches. These smaller 
torches can more readily fit inside a greater range of parts to apply coatings 
and can spray coatings at shorter stand-off distances in comparison to their 
predecessors. As the in-flight particle and therefore coating properties are 
a function of the gun design and spray parameters used, it is currently 
unclear on how coatings sprayed by these new smaller HVOF thermal spray 
torches compare to those sprayed by the older, larger spray systems.  
ID-HVOF is still an emerging field for research and industrial interest, 
meaning there has been little work published regarding the spraying and 
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currently known regarding spraying onto internal surfaces and with the 
differences in stand-off distance and increased difficulties with substrate 
cooling, it is likely coatings may differ when sprayed internally. 
WC based cermets such as WC-Co and WC-Co-Cr are commonly used wear 
resistant materials that can be sprayed by HVOF thermal spraying to 
produce coatings with high hardness, providing a good wear resistant 
barrier. To compensate for the shorter stand-off distance and reduced 
dimensions of ID-HVOF spray torches, it has been theorised that finer 
particle feedstocks should be used as smaller, lighter particles require less 
energy for melting and acceleration. Furthermore when spraying a WC 
cermet powder, reducing the WC grain size of the powder is another 
possible route to improve coating properties to compensate for the 
challenges of ID-HVOF thermal spray, as these powder feedstocks have 
been said to produce harder coatings compared to those sprayed with 
larger WC grained powders [2]. It is currently unclear how these changes 
will affect the coating microstructure, mechanical properties and sliding 
wear resistance of the coatings when spraying using an ID-HVOF thermal 
spray system. 
NiCrFeSiB self-fluxing alloys are emerging as another potentially useful 
coating material for internal surfaces, due to the material’s high resistance 
to corrosion and wear at elevated temperatures. To compensate for the low 
hardness of the material, it is often mixed with a reinforcing hard phase 
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new challenges, with different materials likely having separate properties 
in-flight due to different material properties and particle morphologies. As 
a result, optimisation of the spray process may be more challenging, and 
these issues may be amplified at the shorter stand-off distances used in 
potential ID-HVOF applications.  
 Aims and Objectives 
 
The main aim of this work is to assess the viability of future ID-HVOF 
processes for the application of cermet coatings for sliding wear resistance 
applications. The literature review uncovered gaps in the current knowledge 
in several key areas regarding ID thermal spray processes in general. To 
address these gaps in the literature, the following work should be carried 
out.  
• WC-Co-Cr powder feedstocks with different particle size ranges and 
WC grain sizes should be sprayed using an ID-HVOF thermal spray 
torch to assess which type of powder feedstock provides the best 
performing coatings for a potential ID-HVOF application.  This would 
be achieved by detailed characterisation of the coatings, followed by 
the measurement of mechanical properties, and sliding wear rates at 
different loads.  
• To address the lack of knowledge regarding ID-HVOF thermal spray 
coatings, the best performing powder feedstock from the previous 
study should be applied on the internal surface of cylindrical parts 
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characterised in a similar manner as above, with sliding wear testing 
used as a performance tool. This would provide insight into the effect 
of spraying internal coatings, alongside giving knowledge into the 
effect of stand-off distance and part size when spraying in these 
conditions.   
• Coatings of WC-Co/NiCrFeSiB should be sprayed using an ID-HVOF 
spray torch either onto samples mounted internally, or at a short 
stand-off distance to simulate internal spray. A detailed 
microstructural characterisation, alongside the measurement of 
mechanical properties and sliding wear testing should be performed. 
To investigate the effects of spray parameters on the coating 
microstructure, porosity and sliding wear resistance, the composite 
powder feedstock should be sprayed using different parameter sets.  
 Scope of the thesis 
 
This thesis contains 7 chapters, and a brief overview of each chapter is 
presented below: 
Chapter 2 presents a literature review divided into 6 main sections. The 
first section presents an overview of wear mechanisms likely observed 
when studying the wear of thermal spray coatings. This is followed by an 
overview of surface engineering and thermal spraying in general. HVOF 
thermal spraying is covered in the third section, with the work carried out 
in aspects of the topic relevant to ID-HVOF thermal spraying covered, 
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review of the current state of knowledge of ID-HVOF thermal spraying is 
presented next. Finally, sections summarising the current knowledge 
regarding HVOF coatings of WC-Co-Cr and WC-Co/NiCrFeSiB are provided.  
Chapter 3 describes the experimental methods used throughout this thesis 
with some overview on the methodology used.  
Chapter 4 presents a study on WC-Co-Cr powder selection for ID-HVOF 
thermal spraying. WC-Co-Cr powders differing in particle size range and 
WC grain size were sprayed using an ID-HVOF thermal spray torch. The 
powder feedstocks and coatings were characterised, followed by the 
measurement of the coating’s mechanical properties and resistance to 
sliding wear at three separate loads. 
Chapter 5 presents a study in which the WC-Co-Cr powder feedstock 
selected from the previous chapter was sprayed onto substrates mounted 
internally within cylindrical tubes with three different internal diameters 
using the same ID-HVOF thermal spray torch. The effect of the change of 
internal diameter on the coating microstructure, mechanical properties and 
resistance to sliding wear was investigated.  
Chapter 6 presents an experimental study in which WC-Co/NiCrFeSiB 
composite coatings were sprayed using two different sets of spray 
parameters with the ID-HVOF thermal spray torch. The effect on the change 
of parameters on the coating microstructure, mechanical properties and 
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Finally, the overall conclusions of this work, alongside recommendations for 
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Wear can be described as the progressive loss of material from the surface 
of a body brought about by mechanical action. Wear is not a material 
property, but instead is a system response, with operating conditions 
affecting the wear process. Wear is often seen as being a primary culprit in 
the failure of many engineering components, leading to them needing to 
be replaced. In these instances, the particular product is likely to degrade 
slowly, rather than suffer a traumatic breakage [3]. Different types of wear 
mechanisms are described in Table 2-1. In general, two thirds of all wear 
processes found in industrial situations can fit into the category of adhesive 
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Mechanism Definition Characteristic 
Adhesion Wear due to the transfer of 
material from one surface to 
another by shearing of solid 
welded junctions of asperities 
Adhesive bonding, shearing 
and material transfer 
Abrasion Wear due to hard particles sliding 
through a softer surface 
Plowing, wedging and cutting 
Delamination Wear by delamination of thin 
material sheets beneath the 
interface in the substrate 
Plastic deformation, crack 
nucleation and propagation 
Erosion Wear due to mechanical interaction 
between a solid surface and a fluid, 
or impinging liquid or solid 
particles 
Large-scale sub surface 
deformation, crack initiation 
and propagation 
Fretting Wear due to small amplitude 
oscillatory tangential movement 
between two surfaces 
Relative displacement 
amplitude and entrapment of 
wear particles 
Fatigue Wear when the exposure to cyclic 
loading produces progressive or 
localised damage, resulting in the 
generation of cracks which can 
lead to the breaking off and 
therefore wear of the material 
 
Cyclic loading and fatigue 
crack propagation 
Corrosive Wear when sliding occurs in a 
corrosive/oxidative environment 
Formation of weak 
mechanically incompatible 
corrosive/oxide layer 
Table 2-1 - Different types of wear mechanisms [4] 
2.1.1 Adhesive (sliding) wear 
 
Adhesive i.e. sliding wear is defined as the material loss that is the result 
of two solid surfaces in contact with one another sliding over each other, 
with one or both surfaces suffering wear. When two surfaces are brought 
together, asperities on the two surfaces come into contact and support the 
applied load. When there is relative motion between the two surfaces, the 
asperities are sheared with the net result being that the softer material is 
transferred to the harder surface, with either the softer material adhering 
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There are a number of factors that have been found to influence the sliding 
wear of materials, these include the nature of the materials in contact, 
namely the chemical composition and surface finish alongside the sliding 
conditions; a schematic is shown in Figure 2-1. 
 
 
Archard derived a theoretical expression describing the rate of adhesive 
wear, suggesting that wear volume is proportional to the load, inversely 
proportional to the hardness of the softer material and proportional to the 
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Sliding condition 
• Sliding distance 
• Sliding speed 
• Test duration 
• Contact pressure 
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• Test temperature 
• Lubrication 
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Where Q is overall wear rate (volume per unit sliding distance), K is the 
dimensionless wear coefficient, W is the normal load and H is the hardness 
of the softer material. 
For many systems undergoing sliding wear, increasing the load can lead to 
a sudden increase in specific wear rate; this is illustrated by an example of 
the sliding wear of a α/β brass pin against a hard Stellite ring in Figure 2-2, 
in which a sharp increase in wear rate is observed when the normal load is 
increased above 1kgf.  
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2.1.2 Abrasive Wear 
 
In abrasive wear material is removed from the surface by the means of 
hard particles penetrating a softer surface and displacing material in these 
areas, resulting in a rough surface. Wear is often seen as a major 
contributor in the failure of engineering products. The damage can be 
described as scratching, scoring or gouging depending on the extent of the 
wear [8]. It can be split into two types of abrasive wear, two-body abrasive 
wear in which hard particles on the counterbody slide across the surface of 
the specimen  and three-body abrasion where hard particles are trapped 
between two sliding surfaces, causing wear to one or both surfaces. These 
two types of abrasive wear are illustrated in Figure 2-3.  
 
Figure 2-3 - Mechanisms of abrasive wear. (a) Two body abrasion. (b) Three 
body abrasion [5] 
 
 Surface Engineering 
 
Surface engineering is defined by the ASM handbook as “treatment of the 
surface and near-surface regions of a material to allow the surface to 
perform functions that are distinct from the bulk functions of the material” 
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properties, thermal insulation and reducing frictional energy losses 
amongst others. This can be achieved by either modifying the surface itself 
by using metallurgical, mechanical or chemical methods or by adding an 
extra layer on the surface using a form of coating process, known as a thin 
film or coating. Thermal spraying is one of such coating processes and is 
commonly used to apply protective or functional coatings onto the surface 
of engineering components. 
2.2.1 Thermal spraying 
 
Thermal spraying is a technique that involves depositing metallic or non-
metallic materials in a molten or semi-molten state to form a coating, in 
order to improve the properties of a surface. The sprayed material may be 
in the form of a powder, ceramic rod, wire or molten materials. These 
processes involve the molten or semi-molten coating material being 
propelled towards the substrate by a stream of gas at high velocity and 
temperature [10]. On impact with the substrate, the particles plastically 
deform to form a lamellar structure consisting of layers of flattened, disk-
like splats [11]; an illustration of the typical microstructure with common 
features  is presented in Figure 2-4. Thermal spraying is a line of sight 
process, meaning the end of the nozzle must be able to “see” the substrate 
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Figure 2-4 - The microstructure of a typical thermal spray coating [11] 
Thermal spray methods have a few distinct advantages when compared to 
other coating methods. If a material can melt without decomposing, it can 
be deposited on a surface by thermal spraying. Furthermore, coatings can 
be applied without significantly heating the substrate material, meaning 
materials with very high melting points can be sprayed onto heat treated 
parts without changing its properties. Any thermal distortion of the part will 
also be prevented. Thermal spray processes also have a much higher 
coating rate in comparison to other methods such as electroplating, 
chemical vapour deposition (CVD) and physical vapour deposition (PVD). 
The main downside of thermal spray processes is that unlike the above 
mentioned methods,  it is a line of sight process meaning that the spray 





23 | P a g e  
 
Thermal spray processes in general can be divided into two main 
categories; those that use combustion to provide the heat to melt the 
coating material and those that use electric discharge. A summary of the 
different types of thermal spray processes and the range of typical particle 
velocity and flame temperature for different spray processes are displayed 
in Figure 2-5 and Figure 2-6. 
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Figure 2-6 - Classification of thermal spray processes according to flame 
temperature and particle velocity [14] 
Wire arc thermal spraying requires a wire feedstock and involves passing 
an electric arc between two electrodes made of the coating material.  These 
two wires are continuously melted, fragmented into droplets and propelled 
towards the substrate by jets of air [13]. The coating materials used in this 
process are limited to conductive materials that can be formed into wires 
[11]. 
Plasma can also be used as the means to melt the powder feedstock, with 
electricity being used as the energy source. Atmospheric plasma spraying 
(APS) is a technique which involves using a jet of plasma to melt and 
accelerate the coating particles. This plasma jet is created by ionising an 
inert gas such as argon or helium using an electric arc between a tungsten 
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spraying (VPS) is a similar technique but is carried out in a specialised low 
pressure chamber in order to reduce the extent of oxidation [16]. 
The range of thermal spraying techniques that exist in the combustion 
category shown in Figure 2-5 use the heat generated from the exothermic 
combustion reaction to melt the powder feedstock. Flame spray is among 
the simplest and oldest of all thermal spray processes. Powder is fed into 
an oxy-fuel flame in order to melt the particles, then a flow of compressed 
air atomises the molten particles and propels them towards the substrate 
[16]. Detonation gun, or D-Gun thermal spraying, involves an explosive 
mixture of fuel, oxygen and powder being ignited by a spark plug 
repeatedly to produce a sequence of detonations. These series of 
explosions produce detonation-pressure waves that accelerate the molten 
particles down a water-cooled barrel towards the substrate. Coatings 
applied using this technique are amongst the densest and hardest of all 
thermally sprayed materials, due to the extremely high particle velocities 
observed during processing, which can exceed 500m/s [11].  
 High Velocity oxy-fuel (HVOF) thermal spraying  
 
High velocity oxy-fuel thermal spraying is a technique that uses the energy 
produced from combusting fuel under pressure, in a water or air cooled 
combustion chamber, to melt and accelerate the coating material towards 
the substrate [11]. Supersonic gas velocities can be generated and the 
applied coatings have been proven to have low porosity (<1%), low oxide 
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The advantages of HVOF thermal spraying over the other thermal spray 
techniques are as follows. Higher particle velocities can be achieved with 
HVOF thermal spraying relative to flame spray and wire arc thermal 
spraying. As a result, the final coatings are often denser with a lower 
porosity. Furthermore, due to the lower flame temperatures than that 
observed in the different plasma spraying methods, phase changes of the 
in-flight particles is less of an issue with HVOF thermal spray [11,14].  
In the HVOF thermal spray process gas or liquid fuels can be used; gas 
fuelled systems generally use fuels such as hydrogen, propylene, propane 
or acetylene and liquid fuelled systems mostly use kerosene. The 
advantage of using the liquid fuelled systems is that greater pressures in 
the combustion chamber can be achieved, resulting in an increased gas 
velocity compared to gas fuelled systems. This leads to a lower residence 
time for the particles in the flame for liquid fuelled systems and as a result, 
the powder feedstock suffers a lesser amount of oxidation or decomposition 
in comparison to gas fuelled systems [18,19]. However this increased 
performance comes at a price, as the liquid fuelled systems have been 
shown to consume about ten times as much fuel by mass as the gas fuelled 
systems [11]. 
2.3.1 Coating microstructure 
 
The microstructure and performance of an applied coating will not only be 
influenced by the powder used, but also by the parameters used in the 
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temperature and velocity are affected by the spray parameters chosen. A 
schematic detailing how certain processing parameters affect the process 
dynamics and then the final coating is shown in Figure 2-7. 
 
Figure 2-7 - Multiscale character of the HVOF thermal spray process [20] 
The microstructure of the sprayed coating is affected by the deformation, 
solidification and sintering of the coating particles when they are deposited 
on the substrate, as well as the physical and chemical state of the particles 
at the point of impact. This includes the particle temperature, velocity, 
melting ratio, and oxidant content. The in-flight particle behaviour is related 
to the gas dynamics in the process; these are dependent on the spray 
parameters used, such as fuel type, gas flowrate, oxygen/fuel ratio or 
stand-off distance [21]. The coating microstructure will also be affected by 
the in-flight particle behaviour and therefore as a result of this, it is 
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Two of the most important operating variables to consider are the particle 
velocity and temperature [23]. This is due to the presence of features such 
as porosity, unmelted particles and oxides being related to these 
parameters.  Particle velocity has been found to be strongly dependant on 
the pressure in the combustion chamber, while particle temperature is 
related to the residence time of the particle in the nozzle of the spray torch 
[24].  
2.3.2 Oxidation in HVOF thermal spray coatings 
 
Oxide phases within thermally sprayed coatings have been shown to lower 
the corrosion resistance and mechanical properties of the coating, and 
therefore must be kept to a minimum. The powder feedstock can be 
oxidised in 3 stages of the spray process; the first of these is inside the 
nozzle itself as the particles will be in contact with the combustion products 
at high temperatures [25]. Oxidation here can be controlled to a certain 
degree by changing the oxygen/fuel ratio, but it cannot be fully avoided 
due to the flame containing oxidising combustion products [26]. The second 
oxidation region refers to the time when the particles are in the centre of 
the flame until they impact with the substrate surface; this region can 
contain up to approximately 20% oxygen and this combined with high 
temperatures can lead to oxidation.  
The oxidation of particles has been modelled with the effect of particle size 
and powder injection location studied to assess oxidation behaviour of the 
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particles oxidised more readily than larger ones because the authors state 
that the amount of oxidation is directly affected by temperature change and 
available oxygen, with the quantity of oxygen entrained in the flame for 
HVOF thermal spray systems being strongly influenced by the jet velocity 
[27]. As smaller particles will reach higher temperatures during spraying 
than larger ones, more oxidation will take place when spraying with smaller 
particles. The effect of introducing the powder feedstock into the 
combustion chamber was compared with powder injection at the end of the 
supersonic region of the flame with the model, and it was found that much 
higher levels of oxidation are predicted for the former. This is due to 
particles reaching a much higher temperature when injected directly into 
the combustion chamber, as well as a larger amount of oxygen being 
available for combustion due to the pressured air directly entering the 
chamber [28]. 
The final region where oxidation takes place is in the period between when 
a particle has collided with the substrate and when the next layer covers it 
up. In the above scenario, particles are still exposed to oxidising products 
in the flame and the high temperatures, although these are lower than in 
the other regions [25].  This process again is influenced by higher particle 
temperatures, but also can be affected by the shape of the splat; splats 
with a higher flattening ratio have an increased surface area to volume 
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2.3.3 Porosity in HVOF thermal spray coatings 
 
Porosity in a coating is an important characteristic and can strongly 
influence its properties. Coatings with high levels for porosity for example 
may provide reduced protection from corrosion, as interconnected pores 
can provide a channel for corrosive species to diffuse down through the 
coating to the coating/substrate interface. For wear resistant coatings, 
porosity may lower the coating’s performance because the presence of 
voids may lower the coating hardness and surface finish; furthermore, 
many wear resistant coatings also require corrosion resistance too, greatly 
increasing the need to reduce porosity. The formation of pores in the 
coating microstructure can be attributed to the presence of unmelted 
particles, therefore careful process optimisation can ensure porosity is 
minimised. Unmelted particles may not deform sufficiently on impact with 
the substrate due to them being less soft, leading to a less homogenous 
lamellar coating structure. This can produce gaps in the structure that can 
be seen in the form of porosity. Other sources from which porosity can 
originate include, splat shrinkage during solidification on impact with the 
substrate [30,31], poor intersplat cohesion, leading to splats breaking 
apart, porosity inherent to the powder feedstock and spraying at high 
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Figure 2-8 - Porosity formation from spraying at high deposition angles [11] 
 
 
2.3.4 Effect of stand-off distance in HVOF thermal spraying 
 
Stand-off distance, also known as the torch-to-substrate distance, is the 
distance from the end of spray torch to the substrate. This parameter must 
be kept constant during the spray operation in order to keep an unchanging 
coating thickness [11]. When considering ID-HVOF thermal spraying, 
particularly when applying a coating in a small, confined space, the stand-
off distance may be a limiting factor. This is because the distance may not 
be large enough to produce a quality coating.  The effects of applying 
coatings using different stand-off distances was investigated by Lih et al. 
[32] with their results shown in Figure 2-9. They sprayed chromium 
carbide/nickel chrome coatings by HVOF thermal spraying and measured 
the in-flight particle temperature and velocity using the DPV-2000 (Tecnar, 
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The velocity of the particles is measured by the time taken for the particle 
to pass by two slits separated by a known distance. Temperature is 
calculated from the Planck law of thermal radiation from the intensity of 
two spectra of the pyrometer at wavelengths of 787±25nm and 
995±25nm.  
 
Figure 2-9 - In-flight particle speed and temperature vs. stand-off distance 
when spraying a CrC/NiCr powder with HVOF thermal spraying [32] 
At the lowest stand-off distance of 20mm, the particle velocity is at its 
lowest point of 350m/s, whilst the particle surface temperature was 
measured at its second highest peak of approximately 1700°C. As the spray 
distance was increased, the particle velocity was seen to rise, up to its 
highest point of 500m/s at a stand-off distance of about 140-160mm. 
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The effect of stand-off distance on the particle surface temperature 
however appears to be the reverse; higher particle surface temperatures 
were measured at the smaller spray distances, with the temperature 
reducing as distance is increased. The smallest surface temperature 
appears to also be at a spray distance of about 140-160mm, which 
coincides with the highest particle velocity. These results can be explained 
by the fact the distance of 140-160mm measures to be approximately the 
length of the visible jet core. Within this region, the particles are 
continuously accelerated, due to the kinetic energy contained in the flame 
overcoming the retarding force from the entrainment atmosphere. However 
once outside the jet core, the retarding force overcomes the accelerating 
force from the flame, leading to the drop in velocity [32]. This result was 
also observed in another study [33]. The cooling of the particle’s surface 
temperature is due to the mixing with the entrainment air, especially near 
the end of the visible plume [34]. However, oxidation reactions occurring 
with the atmosphere could increase the surface temperature. Due to the 
exothermic nature of oxidation, this could explain the temperature rise. 
Due to the much lower particle velocity and high temperatures measured 
at short standoff distances it is clear that spraying coatings under these 
conditions, using the spray system used by Lih et al. may not produce 
optimal quality coatings. This study did not contain any microstructural 
characterisation of coatings sprayed at the short stand-off distances and 
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 Internal diameter (ID) thermal spraying 
 
Internal diameter (ID) thermal spraying is a thermal spay application that 
refers to coating the inner surfaces of objects such as cylindrical parts with 
small diameters. As a line of sight process, thermal spraying has limitations 
linked to the geometry of the part to be sprayed. 
For cylindrically symmetrical parts with a small depth, off angle spraying 
can be used in which the spray torch is positioned at an angle in order to 
point into the part to allow line of sight between the end of the nozzle and 
the substrate surface, as displayed in Figure 2-10. This leads to the 
elongation of splats, the formation of porosity as shown in Figure 2-8 and 
less homogeneity in the distribution of phases throughout the coating 
microstructure. The deposition efficiency is also greatly affected by the 
spraying angle, with a greater number of passes required to produce the 
same coating thickness when spraying off angle, meaning the process is 
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Figure 2-10 - Image of "off angle" thermal spraying of a tube with a 160 mm 
internal diameter [36] 
It has been previously shown that off-angle sprayed coatings exhibit a 
lower hardness and lower compressive residual stress than coatings 
sprayed at 90° meaning spraying at an angle leads to a reduction in wear 
resistance [37–39] ; the microhardness of a WC-Co-Cr coating as a function 
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Figure 2-11 - Effect of spraying angle on the microhardness of a WC-Co-Cr 
coating [38] 
In order to apply coatings on parts with a greater depth using the method 
shown in Figure 2-10, the spray angle would have to be reduced to a level 
in which the quality of the coating would greater suffer, meaning it is not 
feasible. Therefore in order to coat these parts, a new generation of spray 
torches have been developed that have a much shorter barrel length 
meaning they can fit inside the part to be sprayed and apply a coating with 
a consistent spray angle (for a cylindrically symmetrical part) [40–42]. An 
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Figure 2-12 - Example of an ID thermal spray being used to coat the inner 
diameter of a cylindrical part of diameter 160 mm (IDCoolFlow Mono, Thermico 
GmbH, Germany) [36] 
In order to apply coatings in small internal diameters, not only does the 
size of the torch have to be smaller than conventional spray systems 
designed to coat external surfaces, but also the torches need to be able to 
operate with much shorter stand-off distances. As previously established 
and displayed in Figure 2-9 in-flight particles are often still undergoing 
acceleration at short stand-off distances, with the end result being poor 
coatings due insufficient velocity on impact with the substrate [32]. To 
solve this issue feedstock spray powders with particle sizes less than 20µm 
are often employed [43], as particles with a lower mass will achieve a 
greater in-flight velocity than heavier particles when sprayed under the 
same conditions. However due to the increased in-flight temperature, more 
in flight oxidation of the particles may occur when spraying a finer particle 
feedstock due to the higher surface area to volume ratio than larger 
particles of the same material [44]. It has been previously shown that finer 
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than larger particles and due to the gas flow near the substrate diverging 
from the substrate surface, smaller particles may follow this and not be 
deposited onto the substrate [45].  
Another challenging aspect of applying coatings on internal surfaces is 
related to the temperature control of the substrate material. As described 
in Section 2.3.2, oxidation of the coating material can occur following the 
impact of particles on the substrate and higher substrate temperatures are 
linked to increased oxidation of the deposited splats due to the slower 
quenching of the splats as a result of the reduced temperature difference 
between splat and substrate [46]. When spraying external surfaces, the 
use of air or even water cooling of the substrate material is well established 
[47], however this is more challenging when it comes to the cooling of 
internal surfaces. Special cooling methods such as tube/bore cooling or 
small air-jet systems are required for substrate temperature control [36]; 
however currently there is no information available providing in depth 
knowledge of substrate cooling processes for ID thermal spray. 
Currently there are not many published studies in which coatings have been 
applied on internal surfaces using thermal spraying. Lyphout and Bjorklund 
used an ID-HVAF (High Velocity Air Fuel) system developed by UniqueCoat 
Technologies (Virginia, USA) to spray coatings of WC-Co-Cr and Cr3C2-
25NiCr onto the internal surface of cylinders with an internal diameter of 
200mm. An external air unit was used during the operation to ensure the 
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deposition efficiencies with low coating porosity were achieved with both 
powders; however a few cracks were found in the centre of the WC-Co-Cr 
coatings, which the authors hypothesised were due to tensile residual 
stresses within the coating originating from overcooling on the outer 
diameter of the substrate. Reducing the temperature of the substrate part 
by increasing the cylinder length was discussed, though this was found to 
increase the amount of residual dust within the system. As a result it was 
recommended that if possible the temperature of the part, including the 
external surface, should be monitored throughout the spray process in 
order to help prevent crack formation in the coating [1].     
Tillmann et al. used an ID-HVOF system developed by Thermico GmbH to 
spray a bond coat and an APS-ID thermal spray torch (SM-F100 Connex, 
Oerlikon Metco) to spray a ceramic top coat of CoNiCrAlY. Samples were 
sprayed onto flat substrates however, not onto an internal surface as was 
done in the previously mentioned study. To simulate an ID application the 
stand-off distance used in the ID-APS spraying was 70mm. To investigate 
the effect of stand-off distance when spraying the bond coat, the in-flight 
particle temperature and velocity were measured using an in-flight particle 
measurement tool at a range of stand-off distances from 10mm to 110mm. 
It was determined that the best coatings sprayed by ID-HVOF were 
achieved at a spray distance of 53mm, meaning that taking into account 
the dimensions of the spray torch, the minimum diameter of a part than 
could be sprayed with this spray torch is 133mm. These coatings were 
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flight particle velocity could be increased by the addition of adding N2 into 
the combustion chamber, with the inflight particle velocity increasing from 
under 1100m/s up to 1200m/s when N2 input flowrate was raised from 
70L/min to 130L/min [36].  
 WC-Co-Cr HVOF thermal spray coatings for wear resistance 
applications 
 
WC-based cermets are commonly used materials for use in coatings 
designed to protect surfaces from wear, due to their high hardness and 
resistance to sliding wear. The idea is to combine the hard nature of the 
ceramic WC with the toughness of a metallic binder phase. An ideal metallic 
binder would prove good wettability with respect to the ceramic and is 
selected based on its melting point, alongside the strength and toughness 
it provides.   
WC-Co-Cr cermet thermal spray coatings have been increasingly used in a 
number of industrial sectors, for example in the oil and gas, aerospace and 
automotive industries, due to their well proven high wear and corrosion 
resistance [48,49]. The material was developed for use in applications 
where corrosion can take part in wear degradation processes [50]. In 
comparison to WC-Co, it has been shown that WC-Co-Cr provides better 
erosion-corrosion performance, due to the addition of Cr into the Co matrix 
changing the main corrosion mechanism. Alongside improved corrosion 
protection compared to WC-Co, WC-Co-Cr coatings have been shown to 
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chromium to the binder phase has also been shown to inhibit to a certain 
extent the decarburisation of WC-Co, which may lead to better coatings 
when spraying material with nano sized WC grains compared to WC-Co 
[51]. 
2.5.1 Decarburisation processes in WC-Co-Cr thermal spray coatings 
 
One challenge that must be overcome when applying coatings of WC-Co or 
WC-Co-Cr is that of decarburisation. The WC phase reacts due to the high 
temperatures and presence of atmospheric gases during thermal spraying 
to form unwanted phases such as W2C or W [52], which are said to lower 
the coating’s fracture toughness and resistance to sliding wear [53]. 
One chemical route of the decarburisation of the WC phase in APS thermal 
spraying was proposed by Vinayo et al., as follows [54]: 
2WC → W2C + C 
W2C + ½ O2 → W2 (C,O) 
W2 (C, O) → 2W + CO 
Although decarburisation is expected to be more severe in APS thermal 
spray processes in comparison to HVOF thermal spray, due to the higher 
temperatures reached by the in-flight particles, the presence of W2C and 
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Kear et al. described how the decarburisation process occurs during thermal 
spraying. The mechanism for the formation of the W2C phase is believed to 
be as follows: the cobalt binder phase will melt before the WC phase, due 
to its lower melting point. At this point, WC will begin to dissolve into the 
molten binder phase; after which carbon will begin to be removed from the 
solution by reacting with oxygen at the liquid/gas interface, to produce 
carbon monoxide. On impact the system is rapidly quenched and the Co 
liquid mixture becomes supersaturated, resulting in the formation of W2C 
phases. If excessive carbon loss has occurred, pure tungsten may also form 
[57,58]. A schematic of the decarburisation mechanism proposed by Kear 
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WC grains that have suffered decarburisation have been described as 
having a rounded appearance that are either partially or fully enclosed by 
W2C crystals that have nucleated and grown on the WC /binder phase 
boundary by others [58,59] The mechanism shown above can be further 
complimented by referring to the phase diagram of the W-C system in 
Figure 2-14. Different forms of W2C begin to form if the carbon percentage 
is below 50% when temperatures above 1500K are reached. This is in the 
range of the flame temperatures found in the HVOF thermal spray process 
(1000K – 3000K) shown in Figure 2-6, meaning processing this materials 
by HVOF thermal spray may lead to the WC phase decomposing into W2C. 
At high concentrations of W (approximately greater than 80% W), 
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Figure 2-14 - Phase diagram of the W-C system [60] 
 
2.5.2 Powder and Coating characterisation 
 
WC-Co-Cr powders used in studies where coatings are applied by HVOF 
thermal spraying are often commercially available powder feedstocks with 
a composition of 86% WC, 10% Co and 4% Cr (mass %) manufactured by 
the agglomerating and sintering process with an average size of 45µm. The 
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spraying these powders by HVOF thermal spraying [61–68]. The 
morphology of these powders is described as being roughly spherical with 
some internal porosity [49,69], with an SEM image showing the 
morphology of an example of agglomerated and sintered WC-Co-Cr powder 
given in Figure 2-15. 
 
 
Figure 2-15 - SEM image showing the morphology of a typical agglomerated 
and sintered WC-Co-Cr powder [61] 
The phase composition of WC-Co-Cr powders has been investigated in more 
detail in several studies. Jacobs et al. characterised the WC-10%Co-4%Cr 
powder AMDRY 5843, produced by Sulzer Metco; its nominal size 
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powder being manufactured by the sintering and crushed method. Using 
XRD, the phases WC, the η-phase (Co, W)6C were detected. The diffraction 
lines for the η-phase were shifted to lower lattice parameters, which the 
authors suggested indicates that a substitution of cobalt atoms by 
chromium atoms in the crystal structure took place. Alongside these 
phases, a wide low intensity peak was detected, which indicated the 
presence of Cr7C3. Using SEM to image the cross section of the powder in 
backscattered electron imaging mode, 2 distinct phases were observed in 
the binder, a cobalt rich phase and chromium rich phase. The total carbon 
content was found to be approximately 5.31% [70,71].  
Guilemany et al. studied the same material as the previously mentioned 
study, using transition electron microscopy (TEM), XRD and wavelength 
dispersive spectroscopy (WPS) to characterise the powder. They concluded 
that 4 main phases were present in the powder microstructure, WC, 
Co3W3C, Cr23C6 and metallic Co. The carbon content of the material was 
determined to be 5.39%, similar to the value found by Jacobs, Hyland and 
De Bonte [70,72]. Schwetzke and Kreye observed that the phases present 
in a different sintered crushed WC-10%Co-4%Cr powder were WC, Co3W3C 
and Co. the carbon content was found to be 5.2% [19]. A phase diagram 
of the WC-Co system calculated at 10% wt. Co is displayed in Figure 2-16. 
At a carbon content of 5.2% wt, WC, Co3W3C and Co FCC phases can be 
seen to form between the temperature range of 1100°C – 1350°C; this 
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Figure 2-16 - Phase diagram of the WC-Co system calculated at 10 % wt. Co. 
The points denoted by a and b define the minimum and maximum carbon 
contents of alloys which are in two-phase state of fcc + WC just after 
equilibrium solidification. [73] 
All 3 studies determined that separate cobalt rich and chromium rich phases 
were present in the binder phase of the powders. However, the work 
conducted by Jacobs et al. differs from the other two studies, when 
suggesting that (Co, W)6C was present, rather than the Co3W3C suggested 
by the other 2 sets of authors. All 3 studies determined that the carbon 
content of the material was similar. 
WC-Co-Cr coatings may contain a number of different phases than the 
original feedstock powder, due to the fact that significant phase 
transformations during spraying are common in WC cermet coatings 
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throughout the microstructure of a WC-Co-Cr coating; blocky WC grains 
are surrounded by a binder phase of mixed composition, in a similar fashion 
to what was observed in the WC-Co-Cr powder. 
 
Figure 2-17 - SEM images of the cross section of a WC-Co-Cr coating [62] 
The lighter phase and darker areas of the binder can be seen in Figure 
2-17; the brighter areas have been reported by energy dispersive X-Ray 
spectroscopy to be Co rich, while the darker phases are Cr rich [62,70]. 
EDX mapping has shown that no cobalt, and only a small amount of 
chromium, is detected within the blocky WC grains. Berger et al. theorise 
that as cobalt and chromium both form extensive solid solutions, the 
probability of metallic Cr and Co existing together without forming alloys is 
low; most likely a chromium rich carbide such as (Cr, Co, W)7C3 has formed, 
alongside metallic Co [51]. However other authors disagree with this 
hypothesis, with Bolelli et al. stating that the metal matrix consists of pure 
Co with large particles of pure Cr, not in a solid solution [74]. They reported 
detecting tungsten heavy phases of WC, W2C, Co3W3C and Co6W6C, oxide 
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Referring to the phase diagram in Figure 2-16, the presence of M12C 
carbides (Co6W6C) is likely due to a lower carbon content, either due to 
decarburisation processes or simply the carbon content in the powder 
feedstock was lower. 
In the 2θ range from 35° to 45° phases are present, represented by the 
broad peaks. This is due to the dissolution of Co to form the oxide phase 
Co3W3O, as well as the existence of the (W,Cr)2C and WC(1-x) phases. The 
presence of pure Co metal was confirmed during the study by XPS, which 
agrees with the hypothesis made by Berger et al., regarding the existence 
of metallic cobalt in the binder phase [50].  
2.5.3 Effect of changing WC grain size  
 
Changing the grain size in WC cermets has been shown to be one parameter 
than can alter the properties and performance of thermal sprayed coatings. 
In theory, according to the Hall-Petch relationship, reducing carbide grain 
size should increase the strength of the material, due to the fact that 
reducing the grain size will increase the grain boundary size: 
 
𝜎𝑦 = 𝜎0 +
𝑘
√𝑑
⁄             
Where σy is yield stress, σ0 is a material constant, k is the strengthening 
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When considering microhardness, this expression can be adapted to show 
how microhardness is linked to grain size; this is shown below [75]: 
𝐻 = 𝐻0 +
𝑘𝐻
√𝑑
⁄          
Where H is microhardness, d is average grain diameter and H0, kH are 
material constants. 
Using this relation, it is clear that reducing the carbide grain size should 
increase the material’s microhardness. As the grain size is lowered for a 
coating of a given composition, the mean free path will be lowered. As a 
result, the soft, ductile matrix will be less exposed, meaning the coating 
will provide better wear resistance [55]. Reducing the grain size will also 
increase the fraction of atoms in the material that lie in grain boundaries; 
as a result of this the material’s toughness will rise [76]. As the material’s 
hardness and fracture toughness are increased, it should offer higher levels 
of wear resistance; therefore, in theory coatings sprayed from nano WC 
grain sized powders should offer better wear resistance. 
The tungsten carbide grain size has been shown to have an effect on the 
amount of decarburisation that takes place in certain studies. Guilemany, 
Dosta and Miguel used WC-Co powder with different WC grain sizes, 
ranging from nano grain sizes (sub 100nm) to grain sizes of 1-4µm. They 
observed that when spraying the powder with the nano WC grain size, 
decarburisation was more prominent than when spraying powder with a 
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decarburisation ratio, and the amount of W2C detected in the coatings 
sprayed with the powder with nano WC and larger grain sizes were 22% 
and 8% respectively. The authors reasoned that the increase in 
decarburisation when spraying WC-Co with a smaller WC grain size was due 
to the higher surface-to-volume ratio of the WC phase. They also stated 
that the smaller particles will experience higher temperatures during the 
spray process than larger ones, and this would also lead to increased 
decarburisation[78]. 
However, the results of certain studies conflict the theory that smaller WC 
grain sizes give better wear resistance; Stewart et al. sprayed samples with 
two separate WC-Co powders with carbide grain sizes of 2µm and 75nm, 
and found that under a wide range of abrasive test conditions, the wear 
rates of the nano grain coatings were between 1.4 and 3.1 times higher 
than the larger grain coatings. The authors concluded that this was due to 
excessive decarburisation taking place during the spray process for the 
nano grained WC-Co powder. The decarburisation process results in a 
tungsten rich binder phase which has been shown to be a preferential path 
for crack propagation, indicating that decarburisation may produce a more 
brittle binder phase. As the smaller carbide grain sizes will suffer more 
decarburisation during spraying, this effect may be more pronounced in 
their coatings [55]. It has been argued however that a small degree of 
decarburisation could be beneficial for the wear performance of WC-Co 
coatings. Verdon et al. found that too little decarburisation resulted in a 
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boundaries, while too much decarburisation lead to the WC dropping to a 
level where the binder phase was too exposed to erosion [79]. 
2.5.4 Effect of particle size 
 
As was discussed in Section 2.4, the use of fine particle feedstock may be 
required for use in ID-HVOF applications to counteract the short stand-off 
distances and smaller dimensions of the spray torch itself. Tillmann et al. 
applied coatings of WC-10%Co-4%Cr using a powder feedstock with a 
particle size range of -10+2µm and measured the in-flight particle 
temperature and velocity when using different spray parameter sets in 
which the fuel and oxidising gas flowrates were altered. It was determined 
that fine powders can lead to high quality coatings with low porosity and 
surface roughness. However smaller particles were shown to be highly 
influenced by the divergent gas flow of the spray jet and due to their low 
mass inertia, the velocity of fine particles is more strongly affected by 
pressure nodes in the divergent supersonic flow. In particular, the effects 
of bow shock lead to the deflection of fine particles and may lead to some 
not being deposited on the substrate. Overall a deviation in the deposition 
rate of up to 23% was measured with differing spray parameters. The 
amount of decarburisation occurring increased when the fuel flowrate was 
raised, due to higher particle temperatures [80]. Data comparing different 
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2.5.5 WC-Co-Cr coating performance for wear applications 
 
WC-Co-Cr coatings can be used for resistance from sliding, abrasive and 
erosive wear at temperatures up to 500°C [63]. With respect to cermet 
coatings sprayed by HVOF, it has been reported that the abrasive wear rate 
is dependent on a number of factors; these include the morphology of the 
starting powder and the size, distribution and hardness of the carbide 
phase. The coating process itself is also of great importance, as this will 
influence coating properties that affect wear resistance, such as density, 
the phases present and residual stresses [81,82]. 
The abrasive wear mechanisms observed in WC-Co-Cr have been studied; 
with the reported wear mechanism being found to involve the selective 
removal of the binder phase caused by plastic deformation and fatigue, due 
to the repeated action of the abrasive particles. This will be followed by 
pullout of the hard carbide phase due to microcutting. Some instances of 
wear due to the cracking or crushing of the carbide phase were also 
observed, caused by fatigue from the repeated slider passage and loading 
respectively [62,63]. 
The addition of chromium to the binder phase has been reported to improve 
the wear resistance of the coating relative to WC-Co HVOF thermal spray 
coatings. This is because the addition of chromium has been shown to 
inhibit the decomposition of the WC phase, to avoid the formation of 
decarburisation phases such as W2C and metallic tungsten which increase 
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been shown to bind the carbide phase more effectively, increasing the 
resistance to carbide pullout [79]. 
In order to have high wear resistance, high hardness and high fracture 
toughness throughout the coating are required [83]. Using materials with 
a smaller carbide grain size can lead to increased hardness and fracture 
toughness, due to the Hall-Petch effect. This is been proven by Thakur and 
Arora; who investigated the sliding and abrasive wear of WC-Co-Cr coatings 
with a conventional and nano WC grain size. They determined that the nano 
WC grain size powder offered a higher level of sliding wear resistance than 
the larger grain powder. This was attributed to a smaller coefficient of 
friction, as well as increased coating hardness. The authors also reported 
that the nano WC grain size coating had lower levels of porosity and a more 
homogenous structure than the larger WC grain coating (referring to the 
WC grain distribution); these factors were attributed to increasing abrasive 
wear resistance [62]. 
Indentation fracture toughness testing of WC-Co-Cr coatings sprayed by 
HVOF thermal spraying has been undertaken [84], in order to better 
understand the mechanisms of erosive wear. The indentation testing 
showed that the coatings displayed anisotropic crack propagation, and that 
crack propagation is much easier parallel to the coating/substrate interface, 
compared to cracks forming transverse to this interface. This is said to be 
due to the lamellar structure of the coating as well as the residual stresses 
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correlate well with the fracture toughness predicted using the equations 
proposed by Lawn and Fuller and Evans and Wilshaw [85,86]. 
Research has been undertaken to examine whether HVOF thermal sprayed 
coatings can offer a similar level of wear resistance to surfaces protected 
by electroplated hard chrome coatings. The wear resistance of WC-Co-Cr 
and WC-Co coatings sprayed by HVOF thermal spraying have been 
compared with conventional hard chrome plating, with the aim of the study 
being to investigate if these HVOF thermal spray coatings could replace 
chrome plating. It was determined that the WC-Co and WC-Co-Cr coatings 
performed better than the chrome plating when tested against Al-Ni-Bz and 
Cu-Be blocks. This proves that WC-Co-Cr has the potential to replace hard 
chrome plating in wear resistance applications in the future, provided the 
geometry of the component to be coated is suitable [87].  
 WC-Co/NiCrFeSiB HVOF thermal spray coatings for sliding wear 
resistance applications 
 
Nickel based alloy coatings have been applied in applications where 
resistance to corrosion, wear and heat is required [88].  In terms of the 
application of coatings of these alloys, techniques such as plasma spraying, 
detonation gun, cold spray, plasma transferred arc hardfacing, laser 
cladding and HVOF have been demonstrated [89–92]. HVOF thermal 
spraying is considered one of the more promising deposition methods due 
to its high particle velocity and low flame temperatures in comparison to 
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NiCrSiB based alloys are known for their self-fluxing properties.  The B, Si 
and Cr decrease the melting point of the pure Ni so better melting can be 
achieved at lower flame temperatures. Furthermore, the addition of B and 
Si improve fluxing and wettability during thermal spray deposition and also 
protect other elements from oxidation by acting as deoxidators. Chromium, 
boron, silicon and carbon affect the formation of hard phases throughout 
the nickel matrix[94].  
The composition of the NiCrSiB alloy used in coating studies has been 
shown to vary in the ranges of 10 - 20% Cr, 2 – 5% Si and 1 – 4% B in 
weight percent, with the balance being Ni [95].Composite coatings of WC-
Co/NiCrSiB have been the focus of a number of studies [65,91,96,97]. 
Adding reinforcing particles has been shown to improve the coating’s 
mechanical properties, such as hardness and Young’s modulus [98]. As a 
result the addition of a reinforcement hard phase has been shown to 
improve the coating’s resistance to sliding wear [97]. 
2.6.1 Coating and Powder Microstructure 
 
Studies in which WC-Co/NiCrSiB coatings have been applied by HVOF 
thermal spraying are found to vary in the type of powder feedstock used, 
with some buying commercially available premixed powder feedstocks and 
others mechanically mixing two separately bought powders together using 
equipment such as turbo mixers [65,91,99]. NiCrSiB powder feedstocks 
have been found to possess a spherical morphology with microporosity on 
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the agglomerated and sintered cermet WC-Co powders described earlier in 
2.5.2 [91]. An SEM image showing the morphology of NiCrSiB/WC-Co 
powder feedstock particles is shown in Figure 2-18. 
 
Figure 2-18 - SEM image showing the morphology of an NiCrSiB/WC-Co powder 
feedstock [93] 
SEM backscattered electron imaging of the coating cross section has been 
shown to reveal a microstructure consisting of two distinct phases. Energy 
dispersive x-ray spectroscopy has determined these to consist of areas of 
Ni solid solution and cermet material, consisting of WC grains embedded in 
a Co matrix, with the latter phase appearing brighter due to the greater 
electron density within this tungsten rich phase [91,97]. With the correct 
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X-ray diffraction has been used to determine the phases present within the 
powder feedstock and sprayed coatings. The primary phases found within 
the powder by were WC, Ni, Ni3Si, CrSi, Co and Cr, shown in Figure 2-19. 
The only differences were low intensity peaks for W2C were detected within 
the coating microstructure confirming some carbon loss occurred during 
spraying [91,93].  
 
Figure 2-19 - XRD of NiCrFeSiB/WC-Co powder feedstock and as sprayed 
coatings [93] 
 
2.6.2 Wear behaviour of HVOF sprayed WC-Co/NiCrSiB coatings 
 
There is little work regarding HVOF thermal sprayed WC-Co/NiCrSiB 
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deposited by other means, such as plasma spraying or laser cladding. The 
main research conducted on the wear behaviour of HVOF thermal sprayed 
WC-Co/NiCrSiB coatings appears to focus on the erosive wear of the 
composite coatings with the potential use as a coating to protect pipework 
from fly ash in fossil fuel power stations. In the two studies found alumina 
was used as the erodent particle, however the studies differ in the 
temperature of the wear test, with one being carried out at room 
temperature, the other at 450 °C [91,93]. The as sprayed coating was 
found to have an average microhardness of 928 HV0.3 with low porosity by 
Praveen et al. [91]. The erosion wear test was carried out at 450°C and the 
main mechanism of wear was determined to be caused by micro-cutting 
and micro-ploughing leading to the formation of grooves and lips as a result 
of the impact of the erosive particles in soft binding regions of the coating. 
These areas were said to act as stress concentrators, leading to further 
accelerated wear of the coating material. Furthermore small cracks where 
observed in brittle areas, which could lead to fragmentation of the material 
and pullout of the cermet hard phase, so the formation of brittle phases 
such as W2C and NiO should be avoided if possible for better wear 
resistance [91].  A similar wear mechanism was observed by Ramesh et al. 
in a comparable test carried out at room temperature, with the authors 
concluding coating hardness is a key parameter controlling the coating’s 
resistance to erosive wear [93]. 
Conciatu et al. investigated the influence of the composition of the 
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Coatings of NiSiCrSiB with 0%, 10%, 20% and 30% WC-Co were sprayed 
by HVOF and a sliding wear test was carried out at a 10N load against a 
WC-Co ball. Microhardness of the coating was found to not change 
significantly as harder phase was added; however, the resistance to sliding 
wear improved as the composition of reinforcing phase was increased. The 
coefficient of friction µ was monitored throughout the length of the test; 
following the initial break in period it was seen to decrease from about 0.75 
to 0.65 in the test against pure NiSiCrSiB. For the 10 – 20% WC-Co 
samples, µ was found to remain constant following the break in period and 
at 30 % additional WC-Co, µ increased slightly after the break in period 
from about 0.7 to 0.75. It was hypothesised that these changes were due 
to the topography and the formation of a tribofilm of the worn surface. 
Details on the actual mechanism of sliding wear in this system are not 
documented [97]. 
 Gaps in the literature  
 
From this literature review, it is clear that overall, the application of WC-
Co-Cr coatings by HVOF thermal spray is a well understood and researched 
topic. For the development of an ID-HVOF thermal spray process, further 
work on comparing the effect of particle size may be required as there are 
no available studies directly comparing the effect of particle size on the 
microstructure, mechanical properties and sliding wear performance of the 
sprayed coatings. It is clear that using fine particle feedstocks may be an 
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other possible issues such as decreased deposition efficiencies and greater 
decarburisation rates.  
HVOF thermal spraying of WC-Co/NiCrFeSiB is a much less researched 
material, however studies which assess the microstructure, phase 
composition and erosive wear rates have been carried out. Work assessing 
the sliding wear rate of this material with changing WC-Co composition was 
found; however, details of wear mechanisms were not provided meaning 
there is no available data in this regard. No work has been currently carried 
out regarding the application of WC-Co/NiCrFeSiB coatings by an ID-
thermal spray process. 
What is much less well known is the adaptation of the HVOF thermal spray 
process to apply WC-Co-Cr or NiCrFeSiB/WC-Co coatings on internal 
surfaces. As described in Section 2.4, only one available study was found 
in which WC-Co-Cr coatings were sprayed by ID-HVOF thermal spraying on 
internally mounted substrates. A fixed stand-off distance was used, 
meaning no data is accessible regarding the effects of spraying at very low 
stand-off distances to simulate coating parts with smaller internal 
diameters.  Low magnification SEM images are provided, alongside 
microhardness measurements but a phase composition analysis and sliding 
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Chapter 3. Experimental Procedures 
 
 Thermal spray method  
 
Due to the challenges of applying coatings onto internal surfaces previously 
explored in the last chapter, the design of the ID-HVOF thermal spray torch 
must differ from others to be effective. In particular, the length of the 
nozzle is required to be much shorter than older thermal spray systems to 
enable the system to fit into tight areas to apply coatings onto internal 
surfaces. The ID-HVOF thermal spray system utilised in this work was 
developed by Castolin-Eutectic Monitor Coatings Ltd [40]. It uses a mixture 
of oxygen, air and fuel gas for combustion, with the hot gases passing 
through an isentropic conical plug in order to accelerate them to supersonic 
velocities. A fuel rich mixture of gaseous fuels and oxidisers is used to 
produce a single annular exhaust extending around a centrally located 
aerospike  meaning a high degree of particle heating can take place without 
the use of a long nozzle therefore reducing the size of the torch. The powder 
feedstock is radially injected downstream of the combustion chamber, 
which means the powder feedstock is not exposed to the high temperatures 
found within the combustion chamber but is instead heated by the hot 
gases. 
This spray system was used throughout the work conducted within this 
thesis to deposit coatings in the two different environments of ID thermal 
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The thermal spray coatings studied in Chapter 4 and Chapter 6 were 
sprayed with the samples set up in a conventional “external” spray 
configuration. The substrates were first cleaned and grit blasted with brown 
alumina grit to provide a roughened surface on which to spray the coating 
to improve the coating to substrate bonding. The substrates were mounted 
on the outer circumference of a rotating carousel and were cooled using 
compressed air jets throughout and after the spray run. A schematic of this 
experimental setup shown in Figure 3-1. The spray parameters and stand-








For the ID thermal spray trials carried out in Chapter 5, the coatings were 
sprayed using the ID-HVOF thermal spray system onto discs of 416 
stainless steel (12- 14% Cr, 1.25% Mn, 0.15% C, 0.15% S, 0.6% Mo, 
0.06% P, 1% Si in weight%) with dimensions of 38.1mm diameter and 
6mm thickness. These discs were mounted using magnets on the inside of 
3 cylindrical tubes with internal diameters of 70mm, 90mm and 110mm 
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and an axial length of 200mm; a photograph of the setup shown in Figure 
3-2. This corresponds to approximate stand-off distances of 30mm, 50mm 
and 70mm respectively, meaning the effects of spraying at very small 

















Figure 3-2 - Photograph and plan view schematic of ID coating 
deposition setup (drawing not to scale). The torch was fixed in x 
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The spray torch was positioned inside the cylindrical tube during spraying 
and moved vertically at 2mm/s as the substrate was rotated around it. The 
RPM at which the part was rotated was kept constant for each spray run. 
Air was also blown into the cylinder during spraying to assist cooling and 
the removal of undeposited loose particles. 
 Powder and coating characterisation 
 
3.2.1 Particle size distribution 
 
To measure the particle size distribution of the dry powder feedstocks used 
in this study, two separate laser diffraction particle sizers were used: 
Malvern Mastersizer (Malvern Instruments, UK) and Coulter LS230. 
(Beckman Coulter Life Sciences, USA). Powder particles pass through a 
laser beam, which leads to scattering of the light at an angle that is directly 
correlated to the particle diameter. From the angle and intensity of the 
scattered light, the diameter of individual particles is determined, with 
larger particles scattering light at narrow angles with high intensity and 
smaller ones producing high angle, low intensity scattering. Annular 
detectors measure the angle and intensity of the scattering to provide an 
energy distribution and applying Mie scattering theory, this can be 
computed to produce a particle size analysis based on equivalent spherical 
diameter [101]. As this method only holds true if the particle size is 
significantly larger than the incident wavelength, a helium-neon light 
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of a 1µm equivalent spherical diameter. For each powder 3 measurements 
were taken, with the mean size distribution presented. 
3.2.2 X-Ray diffraction (XRD) 
 
In X-Ray diffraction, a beam of X-rays strikes a sample surface and is 
constructively diffracted at an angle that is related to the interplanar 
distance of crystals within the sample according to Bragg’s law: 
𝒏𝝀 = 𝟐𝒅 𝐬𝐢𝐧 𝜽  
Where n is an integer, λ is the wavelength of the incident X-ray beam, d is 
the interplanar distance and θ is the angle between the incident ray and 
scattering plane. From collecting a scan of the intensity of the signal at 
different values of θ, a spectrum can be obtained from which the crystal 
structure of the sample can be analysed.  
A Siemens D500 (Siemens, Germany) X-Ray diffraction instrument was 
used for all measurements within this study, utilising Cu K α radiation (λ = 
1.5406Å) as its wavelength is comparable to the interplanar spacing in 
crystalline materials measured in this study. A step scan that paused when 
taking measurements was used in order to reduce signal noise. The 
diffractometer was run at 40kV and 25mA; step sizes and dwell times 
differed slightly throughout the study and therefore will be specifically 
detailed in further chapters.  
EVA software (Bruker, USA) was used to process the spectra and 
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JCPDS diffraction data. Powder samples were prepared by sprinkling 
powder directly into the holder, whereas scans of coated samples were 
performed on the top surface of unpolished, as sprayed samples. All coated 
samples were cleaned with acetone prior to testing to prevent 
contamination. 
3.2.3 Scanning Electron Microscopy (SEM) 
 
Scanning electron microscopy is a technique that involves scanning a 
focused electron beam across the surface of a sample. The interaction of 
the incident electron beam impacting with the sample produces secondary 
electrons, backscattered electrons and Auger electrons and a number of 
detectors within the sample chamber can measure these signals. Secondary 
electrons are produced by the incident beam knocking electrons around 
atoms of the sample out of orbit and can only escape from a layer of 
material close to the sample surface. These signals provide high spatial 
resolution images of the sample topography. Backscattered electrons are 
electrons from the incident beam that have entered the sample surface and 
have been diffracted at a high angle from passing sufficiently close to the 
nucleus of at atom. These can re-emerge from the sample surface if they 
have sufficient energy and can be detected to provide compositional 
information as elements of higher atomic mass show higher contrast [102]. 
A schematic of the interaction volume produced from the electron beam-




68 | P a g e  
 
 
Figure 3-3 - Schematic illustration showing the interaction volume produced 
from the scattering of the electron beam within the sample [103] 
The morphology and cross section of the feedstock powders used in this 
study were imaged using a Jeol 6490LV scanning electron microscope (Jeol 
Ltd, Japan) operated at 20kV.  
To image the powder feedstock, the sample material was sprinkled onto an 
adhesive carbon tab attached to an aluminium stub. Powder cross sections 
were prepared by mounting particles in a conductive mounting material 
which was then grinded using SiC papers (240, 400, 800, 1200 grit sizes) 
followed by polishing down to a 1µm diamond finish. 
Cross sections of the sprayed coatings were imaged using SEM throughout 
this work, utilising secondary (SE) and backscattered (BSE) electron 
imaging modes. Samples were prepared by sectioning with a precision 
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cutting disc was set between 0.010–0.015mm/s to prevent any 
delamination of the coating. The samples were mounted within a conductive 
mounting compound (MetPrep Ltd, UK), then ground and polished in a 
similar method as described above. Prior to imaging, the mounted coating 
cross sections were cleaned with detergent and IMS to remove any surface 
contamination. 
3.2.4 Porosity measurements 
 
The porosity of the sprayed coatings was estimated using a thresholding 
method with an image analysis program (Image J) [104]. Secondary 
electron SEM images were used to provide the necessary images of the 
sample surface. A contrast was selected for each image in which any pores 
appear black, while the coating material is brighter. With this knowledge, 
the software can remove pixels from the image that do not have this 
darkest black colour and then calculate the percentage coverage of the 
remaining black pixels. A magnification was chosen for each coating that 
provided a view of most of the coating vertical thickness, without the 
surface or coating/substrate interface showing. As the thickness of each 
coating differed, this magnification was changed for each sample. For each 
porosity reading 5 separate SEM secondary electron images each in 
different locations directly horizontal from each other were analysed, with 
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The microhardness of coatings sprayed in this study was evaluated by 
carrying out indentation hardness measurements. In these tests the 
amount of plastic flow of material following indentation is analysed by 
indenting a material using an indenter tip with known geometry and load. 
The area of the produced indent is then measured, with softer materials 
producing larger indents under a given load. In this study a Vickers indenter 
was used, which incorporates a diamond shaped tip with a 136° angle; an 





Figure 3-4 - Schematic of Vickers indenter tip used for indentation tests 





71 | P a g e  
 
As the geometry and dimensions of the indenter tip is known alongside 









Where HV is Vickers hardness, P is indentation load in grams and d is the 
length of the diameter in mm [105].  
Vickers microhardness was measured on polished coating cross sections 
using a Buehler microhardness tester (Buehler, USA). For each sample, 6 
indents were produced parallel to the coating/ substrate interface using a 
load of 0.3kgf with a dwell time of 10s. The mean value of these 
measurements is displayed, alongside the standard deviation between the 
values used as the displayed error. Indents that were found to contain 
cracks in or around them were discarded and repeated to attempt to reduce 
the error within the readings.  
3.3.2 Fracture Toughness 
 
The fracture toughness of a material is a quantitative method of 
determining a material’s resistance to brittle fracture when a crack is 
present. Fracture toughness was measured using the indentation method. 
Polished coating cross sections were indented using a macro hardness 




72 | P a g e  
 
in Figure 3-5 using a load of 2.5kgf and a dwell time of 10 seconds. The 







The measured parameters were then substituted into the below equation 
for determining the indent fracture toughness developed by Evans and 
Wilshaw [86]. 









Where KIC is fracture toughness (MPa.m0.5), P is indentation load (N), a is 
length of the indentation half diagonal (m) and c is the crack length from 
the indent centre (m). In order for measurements to be valid, the criteria 
0.6 ≤ c/a ≤ 4.5 must be met; all measurements of 𝑐 and 𝑎 were determined 
to fit within this range for all samples measured. In fact, for all samples the 
c/a ratio was determined to be less than 2.5, indicating a Palmqvist crack 
system. This is consistent with other studies with WC-Co based cermets 
[106,107]. However, the indents were not polished down to confirm for 
certain whether the crack systems were Palmqvist or median in nature. 
c 
a 
Figure 3-5 - Measuring fracture toughness from an indentation using the 
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3.3.3 Elastic Modulus 
 
Elastic modulus of the internally sprayed samples was measuring by using 
nanoindentation. A Berkovich tip was chosen, with an initial load of 0.02mN 
and a loading/unloading rate of 0.15mN/s used. The depth of each indent 
was set to 200nm, with a 10s dwell time at maximum load. 30 indentations 
were measured on each sample, arranged approximately 50µm apart in 3 
rows each containing 10 indents. The method developed by Oliver and 
Pharr [108] was used to determine the reduced elastic modulus. The elastic 
modulus, independent of the response of the indenter tip was calculated: 









Where E is elastic modulus (GPa), ER is reduced modulus (GPa) of the 
coating, Ei is the elastic modulus of the indenter tip, ν is the Poisson ratio 
of the coating and vi is the poisson ratio of the indenter. 
The poisson ratios of the coating ν and indenter tip νi were assumed to 
equal 0.3 and 0.07 respectively and the elastic modulus of the Berkovich 
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 Dry Sliding Wear Testing 
 
3.4.1 Sliding wear testing  
 
For sliding wear testing of the as sprayed coatings at a load of 10N, 
unlubricated testing was carried out using a rotary ball-on-disc 
microtribometer (Ducom, Bengaluru, India). This instrument is capable of 
directly measuring the frictional force produced from the sliding contact 
between the sample being tested and the counterbody, meaning real time 
coefficient of friction measurements are possible. The maximum load 
supported by this instrument is 60N, meaning a different instrument was 
needed for testing at higher loads. 
The high load sliding wear tests on the coated materials were performed 
on a rotating ball-on-disc style tribometer, shown in Figure 3-6.  
 
Figure 3-6 - Schematic of the ball on disc tribometer used in this study 
The load was varied between 96N, 168N and 240N to investigate the effect 
of increased load on the wear rate and mechanism of wear taking place. 
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distance of 500m with a sliding speed of 0.05m/s. After each test a new 
counterbody ball was used and each coated sample was degreased with 
methylated spirit prior to starting the test. During each run the friction 
coefficient was monitored using a linearly variable differential transformer 
(LVDT) connected to a data logger. From running a calibration comparing 
known loads to the outputted voltage the friction coefficient could be 
computed; to provide this data a calibration test was performed prior to 
running the actual wear test, in which weights were incrementally added to 
the hanger with the voltage measured from the LDVT being logged.  
To relate the mass of weights on the hanger to the normal force exerted on 
the sample by the counterbody, the following expression was used: 
𝒙𝟐𝑵 = 𝑭(𝒙𝟏 + 𝒙𝟐) 
Where N is the force (kg) on the sample, F is the weight place on the hanger 
(kg) and x1 and x2 are the perpendicular distances (m) from the pivot to 
the ball, and ball to the centre of mass of the hanger respectively. 
3.4.2 Calculation of volume loss of coatings and counterbody 
 
The volume loss of the worn coatings was measured using the profilometry 
method used in other studies [52]. A contact surface profilometer (Taylor 
Hobson Ltd, UK) was used; this method involves a probe being dragged 
along the sample surface, with the changes in the surface height along the 
probes path measured. This is achieved mechanically by a feedstock loop 
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moves across the sample surface. A feedback system is used to keep the 
arm with a set amount of torque applied on it, known as the setpoint. Thus, 
the changes in the height of the arm holder can therefore be used to 
reconstruct the surface topography. 
For each sample, 4 line traces perpendicular to the direction of the 
counterbody movement were measured. From this information, the cross 
sectional area of the material removed within the wear track could be 
determined in 4 different locations. The mean area from these 4 
measurements was then multiplied by the circumference of the scar to give 
an estimate of the volume of material removed. A length of 3mm was used 
for the measurement length for each separate reading to ensure the profiler 
tip passed along the entire width of the wear track. Prior to each set of 
readings, the surface profilometer was calibrated using the set calibration 
blocks and provided by Taylor Hobson Ltd.  
The wear of the counterbody ball has been shown to result in a nearly flat 
circular cap being formed. Therefore assuming that this represents the 
removal of a spherical cap of material, the following process can be followed 
to determine the volume of counterbody material removed: the radius of 
the circular scar was measured using optical microscopy and was then 
substituted into the following expressions [109]: 
𝒅 = 𝒓 − √(𝒓𝟐 − 𝒂𝟐) 
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Where d is the depth of wear scar (mm), R is the ball radius (mm), a is the 
radius of wear scar (mm) and V is the volume loss of counterbody (mm3). 
 Investigation of worn surfaces 
 
3.5.1 Scanning electron microscopy 
 
Plan view and cross-sectional images of the wear scars on the coated 
samples were analysed using a Jeol 6490 LV SEM. EDX was employed to 
analyse the elemental composition of different phases present. For plan 
view images, the discs were mounted atop an aluminium stub using 
adhesive carbon tape to fix the sample. To prepare the cross section 
samples, the samples were sectioned across the wear track using a 
precision cutting machine. These were then mounted in a resin based 
mount, as mounting in a similar fashion to other samples using the 
conductive mounting compound was found to stress the sample and cause 
coating delamination. In order to ensure the samples were conductive 
therefore, gold coating was used. 
3.5.2 Raman spectroscopy 
 
Raman spectroscopy is a method of identifying structural information within 
a material by illuminating the sample with a source of monochromatic light; 
this interacts with molecules and can lead to Raman scattering. This is the 
inelastic scattering of photons, which results in the energy of laser photons 
being shifted either up or down. The Raman scattered light is detected using 
a spectrograph [110]. This method has an advantage of being able to focus 




78 | P a g e  
 
information on areas of sample in the order of size of micrometres. In this 
study, this method was used to gain information on the composition of 
phases found on the worn surfaces of the as-sprayed coatings.  
Raman spectroscopy was carried out using a LabRAM HR spectrometer 
(Horiba jobin YVON, Japan) modified by the addition of an automated xyz 
stage (Märzhäuser, Germany). The instrument was calibrated using a 
standard Si (100) reference band at 520.7cm-1 and the Rayleigh line at 
0cm-1. A laser with a wavelength of 659.41nm with a 300µm pinhole was 
utilised with a 10% laser filter used to prevent damaging the sample. The 
individual spectra were collected for 20s and were repeated 3 times to 
improve the signal to noise ratio. Following data correction, the spectra 
were corrected by applying linear baseline subtraction in order to remove 
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Chapter 4. WC-Co-Cr powder selection for HVOF 





The additional challenges brought on by the short stand-off distances and 
reduced spray torch dimensions required for ID-HVOF processes may 
require the use of finer particle feedstocks to achieve optimum coating 
properties. At a given flame power and HVOF thermal spray torch, smaller 
particles may reach higher in-flight velocities due to their lower mass but 
may not necessarily be deposited due to inertia and bow shock effects. 
Assuming comparable morphologies, the increased surface area to volume 
ratio of smaller powder particles may lead to more efficient heat transfer 
between the hot gases and the in-flight material in comparison to larger 
powders (Section 2.4).  
There are other factors that must be considered when selecting WC-Co-Cr 
powder feedstocks for HVOF thermal spraying of coatings for wear 
resistance applications, including composition and WC grain size. The 
composition of 86 % WC, 10% Co and 4% Cr (mass %) was established as 
the most widely used, with all relevant HVOF thermal spray studies making 
use of this composition (Section 2.5.2). For this reason, alongside the wide 
commercial availability of 86%WC - 10%Co - 4%Cr powders, this 
composition was used for all WC-Co-Cr coatings sprayed throughout this 
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WC-Co-Cr HVOF thermal spray coatings that perform well in applications 
where a high resistance to sliding and abrasive wear is required must 
possess a high microhardness and fracture toughness (Section 2.5.5). The 
literature review determined that using nanostructured powders with a 
much smaller WC grain size was one method that can possibly improve the 
mechanical properties of the coatings; however a greater amount of 
decarburisation of the WC phase may occur when spraying these 
nanostructured powders (Section 2.5.3). 
In this chapter, the effect of WC grain size and particle size range on the 
properties and wear behaviour of WC-Co-Cr coatings sprayed by an ID-
HVOF thermal spray system will be investigated.  
 Materials 
 
The three WC-Co-Cr powders were provided by H.C Starck Ltd (Munich, 
Germany), with details of each of the powders studied displayed in Table 
4-1. The MC-30 and MC-15 powders are stated by the manufacturer to have 
a medium WC grain size but differ in powder particle size range. The third 
feedstock powder NC-30 has a nanoscale WC grain size, therefore meaning 
that the effect of WC grain size and powder particle size range on the 
coating microstructure, mechanical properties and wear resistance can be 
compared. All feedstock powders were deposited on to discs of EN 1.4401 
grade 316 stainless steel (16% Cr, 10% Ni and 2% Mo in wt.%) with a 
diameter of 38.1mm and a thickness of 6mm using the ID-HVOF thermal 




























-30+5 Medium 1.47±0.40 
AMPERIT 
554.067 
MC-15 Sintered and 
crushed 





-30+5 Nanometric 0.32±0.05 
 
Table 4-1 - Details of the powder feedstocks studied within this chapter 
 
 Spray Parameters 
 
The spray parameters used in this study were kept constant between each 
powder type, with the air flowrate fixed between 60–500 SLPM and oxygen 
flowrate between 50–170 SLPM, aiming for 100% stoichiometric 
combustion. The stand-off distance was set to 120mm. The exact 
parameters were unable to be disclosed due to confidentiality agreements. 
Prior to coating deposition, all coating materials were grit blasted using 
alumina grit followed by cleaning with acetone in order to improve 
coating/substrate bonding. 
 Feedstock characterisation 
 
Secondary electron (SE) and backscattered electron (BSE) SEM images of 
the MC-30 feedstock powder are presented in Figure 4-1. This powder was 
received with a nominal size distribution of -30+5µm and was 
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be observed to have a roughly spherical shape, with holes visible showing 
a hollow core for some particles. The WC phase is represented by the phase 
with the brightest contrast in the BSE SEM image, with the WC grains shown 
to possess a “block-like” shape. These are embedded in the binder phase, 














SE and BSE SEM images of the polished cross section of the MC-30 powder 
feedstock are displayed in Figure 4-2. From the cross section the inner 
Figure 4-1 – SE (top) and BSE (bottom) SEM images of the MC-
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porosity present within the particles can be clearly observed. BSE images 
reveal areas of the binder phase with varying contrast, indicating possible 















Secondary electron (SE) and backscattered electron (BSE) SEM images of 
the MC-15 feedstock powder are shown in Figure 4-3. This powder has a 
Figure 4-2 - SE (top) and BSE (bottom) SEM images of the 
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nominal size distribution of -15+5µm and was manufactured by the 
sintering and crushing method The particles can be observed to have an 
irregular shape, unlike the near spherical shape of the MC-30 powder; this 
difference is likely due to the different method of manufacture used. The 
powder particles appear to be very dense, with no inner porosity visible in 
both  Figure 4-3 and in images of the MC-15 cross sectional shown in Figure 
4-4. The size of the WC grains in this powder are stated by the 
manufacturer to be in the same range as those found on the MC-30 powder; 
measurements confirmed that this claim is accurate, with the size of the 
WC grains visible on the MC-30 and MC-15 powders measured at 



















Figure 4-3 - SE (top) and BSE (bottom) SEM images of the MC-


























Figure 4-4 - SE (top) and BSE (bottom) SEM images of the polished cross 
section of the MC-15 powder feedstock 
Secondary electron (SE) and backscattered electron (BSE) SEM images of 
the NC-30 feedstock powder are shown in Figure 4-5. The nominal size 
distribution of the powder feedstock is stated as being the same as the MC-
30 powder at -30+5µm and it was produced using the agglomerating and 
sintering method. The particles can be observed to have an almost spherical 
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powders sharing the same method of manufacture. The WC grain size of 
this powder feedstock is stated by the manufacturer as having a nanometric 
grain size. This was confirmed with the mean grain size being found at 
0.32±0.05 µm, therefore significantly smaller than the WC grain size of the 
other two powder feedstocks. SEM images of the polished powder cross 
section reveal small regions of inner porosity. Unlike the MC-30 particles 
however in which individual particles are observed to be largely hollow, the 
inner porosity of the NC-30 particles consists of much smaller unconnected 













Figure 4-5 - SE (top) and BSE (bottom) SEM images of the NC-

















XRD diffractograms measured from the three powder types are shown in 
Figure 4-7. The phase content of the two powders with the stated medium 
WC grain size, MC-30 and MC-15 were both found to have a similar phase 
content. Aside from the primary WC phase these powders were found to 
content amounts of η-phase carbide Co6W6C and a cubic Co phase. Similar 
WC-Co-Cr powders used for thermal spraying have also been shown to 
contain η-phase carbides and cubic Co, including recent work [70,71].  
Differences can be observed for the nanostructured NC-30 powder 
feedstock, with no η-phase carbide detected within this powder. Traces of 
Figure 4-6 - SE (top) and BSE (bottom) SEM images of the 
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elemental W (cubic) were detected, with a characteristic peak at 



























Figure 4-7 - XRD diffractograms of powder feedstocks 
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 Coating characterisation 
 
The XRD diffractograms of the coatings are displayed in Figure 4-8. All three 
coatings were found to contain varying amounts of W2C, indicating that a 
degree of decarburisation occurred during spraying in all cases. This is 
particularly apparent by noting the large peaks positioned at 2θ≈40°, which 
corresponds to the (101) peak of W2C. The intensity of this peak relative to 
others measured within each scan was found to be the largest for the MC-
15 coating. The Co6W6C and cubic Co phases that were detected within the 
MC-30 and MC-15 powders can be no longer be clearly defined in the 
coatings. For the NC-30 coating, phases found in the powder such as 
elemental W and Cr3C2 can no longer be detected. A single broad peak can 
be seen for all three coatings in the region 41°<2θ<49° indicative of the 
formation of amorphous material during the spray process, agreeing with 
previous work discussed in Section 2.5.2.  
To assess the extent of the decarburisation taking place, the index of 
carbon retention was calculated for each coating using the following 
expression:  




Where IWC is the intensity of the (100) peak of WC at 2θ=35.6° and IW2C is 
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The ICR for each coating is displayed in Table 4-2 with the most 
decarburisation occurring in the finer MC-15 powder with an ICR equal to 
0.67. The index of carbon retention was found to be very similar for both 
the MC-30 and NC-30 coatings. 
Table 4-2 - Thickness, porosity and index of carbon retention of the three as 
sprayed coatings 
Low magnification SE SEM images of the three coatings are displayed in 
Figure 4-9. No large cracks or delamination from the substrate was 
observed in any of the coating; all coatings can be seen to possess dense 
structures that are well bonded to the substrate.  It can be observed that 
the thickness of the NC-30 coating is higher than that of the other two, 
possibly indicating a higher deposition efficiency. All coatings were found 
to have low levels of porosity at <1%, with the data presented in Table 4-
2. The MC-30 coating was found to have the highest measured porosity at 
0.53±0.24 % and MC-15 the lowest with 0.27±0.11%, with the NC-30 
coating in between at 0.34±0.15%. Overall, when taking the margin of 








Index of carbon 
retention (ICR) 
MC-30 317 0.5±0.2 0.86 
MC-15 512 0.3±0.1 0.67 










Figure 4-9 - Low magnification SE SEM images of 
the cross section of the three coatings. (a) MC-30 
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The binder phase can be seen to give off a range of different contrasts in 
BSE, indicating different phase compositions throughout. WC grains with a 
brighter phase around their perimeter can be seen in certain areas, 
embedded in a binder phase with a brighter contrast than other areas of 
the binder. This has been previously shown to indicate that decarburisation 
mechanisms have taken place, with the bright phase around the perimeter 
of the WC grains found to be W2C, as discussed earlier in Section 2.5.1. 
Alongside these areas, splats with a thin string-like structure can be seen. 
An area of the binder phase with no grains of WC with a black contrast in 
BSE can also be seen, indicating matter with a much lower atomic number 
Figure 4-10 –High magnification BSE SEM image of the MC-30 
coating cross section. The positions in which EDX point scans 
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is found in this area. In order to investigate the contrast differences 
throughout the binder phase, EDX points scans were carried out in the 
positions marked by red dots on Figure 4-10, with the results presented in 
Table 4-3. It can be observed that the contrast of the binder phase directly 
correlates with the weight percentage of W measured, with the darkest 
areas containing little W (point 3) and the brightest being mostly W rich 
(point 2). Furthermore, Cr rich areas of the binder appear to exist within 
this coating, with the dark area measured (point 3) having a weight 
percentage of approximately 47 % Cr.   
 
Table 4-3 - EDX measurements for the MC-30 coating 
A higher magnification BSE SEM image of the MC-15 coating is displayed in 
Figure 4-11. Many WC grains, more than that observed in the MC-30 
coating can be seen to be surrounded by a layer of material exhibiting a 
brighter contrast, with the surrounding binder in these areas also having a 
brighter contrast in a similar manner to that described above. This coating 
was determined by XRD to have the lowest Index of Carbon Retention 
(ICR), meaning the most decarburisation took place when spraying this 
powder feedstock; therefore, seeing the highest presence of features 
characteristic of decarburisation in this coating is expected. Much darker 
patches of the binder can again be seen throughout the microstructure, 
EDX Point 
No. 
C (wt.%) Cr (wt.%) Co (wt.%) W (wt.%) 
1 12 7 26 55 
2 14 5 15 66 
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with EDX scans again confirming these areas are Cr rich in a similar manner 
to that shown for the MC-30 coating. Splats with the thin string like shape 









A higher magnification BSE SEM image of the NC-30 coating is displayed in 
Figure 4-12. The smaller size of the WC grains can clearly be seen 
throughout the microstructure. Like the other two coatings areas exhibiting 
a brighter contrast can be observed, accompanied in some areas by the 
splats with a thin string like shape. In some of these areas, grains of WC 
can no longer been seen, which is likely due to them being dissolved fully 
into the surrounding binder phase during spraying. The presence of the 
dark areas, previously shown to be Cr rich can be seen throughout the 
coating, but to a lesser degree in comparison to the MC-30 and MC-15 
coatings.  
Figure 4-11 -High magnification BSE SEM image of the MC-








Figure 4-12 – High magnification BSE SEM image of the NC-30 coating cross 
section 
The measured microhardness and indentation fracture toughness for the 





Table 4-4 - Microhardness and indentation fracture toughness of the three 
coatings 
The MC-15 coating was found to be the hardest coating at 1341±43, 
followed by MC-30 and then NC-30 with a microhardness of 1313±60 and 
1246±58 respectively. Not only did the nanostructured NC-30 coating have 





MC-30 1313 ± 60 4.0 ± 0.4 
MC-15 1341 ± 43 3.9 ± 0.5 
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the lowest microhardness of the three coatings tested, it also was found to 
have the lowest indentation fracture toughness at 3.62±0.65MPa.m0.5 
meaning this coating had the worst mechanical properties overall. The MC-
30 coating was found to have the highest toughness of all coatings tested 
at 4.00±0.36MPa.m0.5.  
 Sliding wear testing 
 
To assess the sliding wear resistance of the coatings under different loads, 
sliding wear tests were carried out using the setup described as high load 
testing in Section 3.4.1 at loads of 96N, 168N and 240N. The sliding wear 
tests were conducted against a sintered 94% WC - 6% Co ball with a 
diameter of 9.5mm (Dejay Ltd, Launceston, UK), with the remaining 
parameters provided in Section 3.4.1, chosen to simulate typical conditions 
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Figure 4-13 - Specific wear rates of the MC-30 coating and respective 
counterbody 
The specific wear rates of the MC-30 coating and corresponding WC-Co 
counterbody are presented in Figure 4-13. The specific wear rate of the 
coating can be seen remain similar at all three different loads, with only the 
specific wear rate of the counterbody increasing. This could suggest that 
the same mechanism of wear is taking place at all loads. Similar specific 
wear rates were measured for the MC-15 coating presented in Figure 4-14, 
at 96N and 240N although an increase was seen at 168N. At this load 
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counterbody wear. A decrease in specific wear rate was measured when 
the load was raised from 168N to 240N, accompanied by a sharp increase 
in counterbody wear.  
 
The specific wear rates measured for the NC-30 coating across the three 
loads was found to follow a different trend compared to the other two 
coatings, displayed in Figure 4-15. For the NC-30 coating and its associated 
counterbody, the specific wear rate was found to increase as load was 
increased. Furthermore, at 96N the specific wear rate was found to be 
almost an order of magnitude lower than the other two coatings. However, 
the increased load resulted in specific wear rates at 240N that are the 
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highest out of all coatings tested. This could suggest either that a different 
wear mechanism is taking place for the nanostructured coating, or that its 
inferior microhardness and fracture toughness in comparison to the other 
coatings tested within this study results in this coating suffering greater 
wear at the highest load of 240N. The fracture toughness of the NC-30 
coating is lower than that seen in another study on a nanostructured WC-
Co-Cr coating [111].  
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 Examination of worn surfaces 
 
To gain further insight on the mechanisms of wear taking place in the three 
coatings, the worn coating surfaces were examined using SEM imaging. 
Secondary electron SEM images of the worn surfaces of the coatings tested 
at the 96N load are displayed in Figure 4-16. The presence of another phase 
can be observed on the worn surfaces of the MC-30 and MC-15 coatings, 
in which cracks can be seen at higher magnifications. BSE SEM imaging 
reveals this phase has a darker contrast, as seen in Figure 4-17, indicating 
a lower atomic number than the bulk coating material. An EDX point scan 
on this brittle, darker phase reveals that this phase consists primarily of 
tungsten and oxygen, suggesting these phases are oxidised particles. They 
could have formed due to the work done on the coating surface by the 
counterbody being converted to heat energy, resulting in the occurrence of 
tribo-oxidation processes.   
The brittle oxide phase however was not observed on the worn surface of 
the NC-30 coating at 96N, perhaps explaining the lower specific wear rate 
of this coating at this load. Instead on the worn surface of the NC-30 
coating, scratches can be seen running parallel to the direction of the 
movement of the counterbody. These scratches seen on the worn surface 
may have formed from a three body abrasion mechanism, in which loose 
material originating from the coating gets trapped between the coating and 
counterbody, resulting in ploughing of the coating taking place as discussed 
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Figure 4-18, alongside areas in which fine cracks can be observed. These 
cracks indicate brittle fracture may be occurring in this coating, resulting in 
debris being released from the worn surface. This is likely due to 
compressive stresses being generated in front of the counterbody as it 
slides over the coating, leading to cracks forming perpendicular to the 
direction of the movement of the counterbody. Over time, these cracks will 
meet and result in sections of material breaking off the coating surface. 
When the load was raised to 168N (Figure 4-19), the oxidised particles can 
now be seen on all three coatings, particularly on the worn surface of the 
MC-15 coating. This coating was found to have the highest specific wear 
rate at this load, suggesting the high amount of oxidised material may be 
linked to the high wear rate. Scratches can be observed on the worn 
surfaces of the MC-30 and NC-30 coatings, indicating that abrasion is again 
occurring with a similar mechanism to that described previously. 
At the highest load of 240N, the oxidised particles can again be seen on all 
three coatings, as seen in Figure 4-20. It can be observed that the width of 

















Figure 4-16 - Left: Lower magnification SE SEM images showing the plan view of the 
worn surfaces of the three coatings at 96N. Right: Higher magnification top down SE 
images of the worn surfaces.  A brittle phase can be observed on the coating surfaces, 









Figure 4-17 - BSE SEM image showing contrast difference between the bulk 




Figure 4-18 - SE SEM image of the worn surface of the NC-30 coating tested at 













Figure 4-19 - Left: Lower magnification SE SEM images of the plan view of the worn 
surfaces of the three coatings at 168N. Right: Higher magnification top down SE 



































Figure 4-20 - Left: Lower magnification SE SEM images of the plan view of the worn 
surfaces of the three coatings at 240N. Right: Higher magnification top down SE images 








4.8.1 Powder feedstock characterisation 
 
Different phases were found to be present within the NC-30 powders 
compared to the other two, with the presence of Cr3C2 and W detected 
within the nanostructured powder but not within the other two.  
Elemental W has been shown to form at temperatures above 1500K in the 
WC-Co-Cr system [112]. The binder phase becomes molten and the 
dissolution of the WC grains can occur and as discussed in Section 2.5, this 
can lead to the formation of W2C and W. High magnification BSE images of 
polished NC-30 powder in Figure 4-6 reveal contrast difference throughout 
the binder phase in the regions surrounding grains of WC. This may be due 
to the addition of tungsten to the binder phase, providing more evidence 
for the explanation above. Due to their lower surface area to volume ratio, 
the WC grains found on the NC-30 are much more susceptible to dissolution 
than the larger ones found on the other two powders. This could explain 
why XRD measurements could not detect any W2C and W within the 
microstructure of the MC-30 and MC-15 powders, as the larger WC grains 
are more resistant to dissolution and may not therefore dissolve into the 
binder as readily during the manufacturing of the powder.  
Aside from tungsten rich phases, XRD did not reveal the presence of Cr3C2 
within the microstructure of the two larger grained MC-30 and MC-15 
powders but did within NC-30. Cr rich carbides have previously been shown 
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[70,112], showing their presence may also be due to carbide dissolution 
during processing. However, the presence of elemental tungsten and Cr3C2 
were not detected within the sprayed NC-30 coating, meaning these phases 
either underwent transition into another phase due to the temperature 
changes during the spray process, or exist in the coating at levels below 
the detection limit of XRD methods. It is therefore unclear whether the 
presence of these extra phases within the NC-30 feedstock powder 
influences the overall coating properties and sliding wear resistance.  
4.8.2 Coating characterisation 
 
The fine powder feedstock was seen to suffer more decarburisation than 
the other larger powders during the spray process, indicated by this coating 
having the lowest ICR. This indicates that when using this spray system 
alongside the spray parameters used within this study, overall particle size 
can be seen to have a larger effect on decarburisation than WC carbide 
size. It is described in Section 2.5.1 that decarburisation processes occur 
when the binder phase becomes molten, meaning the rate of carbon loss is 
strongly affected by the in-flight temperature of the sprayed particles. 
Assuming the composition of each powder is similar, the MC-15 particles 
would have a lower mass than particles of the MC-30 and NC-30 powders, 
due to their smaller size. If assuming the specific heat capacity of the 
materials is constant due to having the same composition, less heat energy 
would be required to melt the MC-15 particles in comparison to the other 
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powder is likely due to these particles reaching higher temperatures in flight 
in comparison to the other powders. At higher temperatures 
decarburisation increases due to either heightened solubility of the liquid 
binder, or increased liquid fraction of the binder phase.  
The MC-30 particles can be seen in Figure 4-1 to possess less compact 
morphology in comparison to the NC-30 particles in Figure 4-5, which could 
suggest the real surface area of MC-30 particles may be larger than that of 
the NC-30 particles. A smaller overall surface area would result in reduced 
heat transfer into the particle during the spray process for the NC-30 
powder and this may counteract the effect of the nanostructured WC grains 
more easily dissolving into the liquid binder.  
4.8.3 Mechanical properties of coatings 
 
It was previously discussed in Section 2.5.3 that powders with a smaller 
WC grain size should lead to sprayed coatings with a higher microhardness 
and fracture toughness due to the Hall-Petch effect. However, it has been 
found that the coating formed from the nanostructured powder had the 
worst mechanical properties of all three coatings tested. The MC-15 powder 
was found to produce the coating with the highest microhardness, and 
there are two possible explanations for this. Firstly, due to this powder 
undergoing the most decarburisation, the MC-15 coating will contain more 
W2C than the other two coatings. It has previously been shown that the 
microhardness of cast WC and W2C are 17000MPa and 30000MPa 
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15 coating microstructure may lead to an increase in microhardness. 
However, W2C has been shown to have a lower fracture toughness than 
WC, with a fracture toughness of 3.6MPa.m1/2 compared to 5.9MPa.m1/2 in 
WC, meaning increased decarburisation results in a reduction in coating 
fracture toughness. This hypothesis has been discussed in other work 
[67,114], and this could explain why the MC-15 coating has a higher 
microhardness, but lower fracture toughness than the MC-30 coating. 
Another reason for the higher microhardness of the MC-15 coating could be 
due to higher in-flight velocities reached by the smaller particles, as under 
the same conditions smaller particles require less kinetic energy to reach a 
certain velocity than larger particles of the same material, due to their lower 
mass. A previous study carried out using the same ID-HVOF thermal spray 
torch determined that increased particle velocities lead to greater cold 
hardening effects, due to increased peening of the substrate [115].  
4.8.4 Sliding wear behaviour 
 
As discussed within the literature review in Section 2.5.5, the existence of 
phases formed by decarburisation had previously been stated to reduce the 
sliding wear resistance of WC-Co-Cr thermal spray coatings, as their 
presence is said to increase the overall brittleness of the coating. The MC-
15 coating, which was found to have the lowest ICR, indicating a higher 
ratio of W2C to WC within the coating microstructure was seen to wear the 
most at the 96N and 168N loads seemingly in agreement with the above 
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15 coating was found to be better than the NC-30 coating, with wear rates 
of MC-15 at 240N being similar to those at the lower loads. This may 
indicate that the lower microhardness and fracture toughness of the 
nanostructured coating make it the most vulnerable to sliding wear at high 
loads.  
The relationship between specific wear rate and load appears to differ for 
the nanostructured coating in comparison to the other two. At the lower 
96N load, the oxidised particles did not form in as greater numbers of the 
worn surface of the NC-30 coating, possibly indicating lower frictional forces 
and therefore less heat energy available. However, without accurate friction 
coefficient measurements, this claim cannot be verified. 
Wear of the spherical counterbody produces a flat surface on the side of 
the ball contacting the coating, with the surface area of this flat surface 
expanding as counterbody wear increases. As a result, the actual contact 
area between the counterbody and coating surface will increase throughout 
the test, leading to a reduction in contact pressure. This could possibly 
explain the reduction in specific wear rates for the MC-15 coating at high 
load when accompanied by a sharp rise in counterbody wear. A similar 
argument can be used to possibly explain the lower number of oxidised 
regions on the worn surface of the NC-30 coating tested at the 240N load. 
Due to the greater width of the worn surface, the contact area between the 
two surfaces is larger meaning frictional forces are less concentrated. This 
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a larger area resulting in lower localised temperatures and therefore 
decreased tribo-oxidation. 
 Summary of chapter and recommendations for ID-HVOF 
thermal spray 
 
From the results presented in this chapter, differences in microstructure, 
mechanical properties and wear behaviour can be seen between the 
coatings of the nanostructured NC-30 powder and the larger WC grained 
MC-30 and MC-15.  
It was determined that when spraying using the spray parameters utilised 
within this work, the nanostructured NC-30 powder was found to 
decarburise to a similar degree to the MC-30 powder. The fact that the 
nanostructured NC-30 powder was found to suffer decarburisation at a 
similar level to that of the MC-30 powder contradicts previous work on 
nanostructured WC-Co-Cr powders discussed in Section 2.5.3. It has been 
said that nanostructured powders were found to undergo more carbon loss, 
because the smaller carbide grains more readily dissolve into the molten 
binder than larger carbide grains [55]. However, the results of this study 
indicate that the size of the particles has a much more significant effect on 
decarburisation than WC grain size, with the MC-15 powder having a lower 
ICR than the other two powders.  
The nanostructured NC-30 coating was measured to have a lower 
microhardness and indentation fracture toughness that the larger WC 
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which a nanostructured WC-Co powder was found to result in coatings with 
a higher microhardness in comparison to a coarse-grained WC-Co powder. 
In the mentioned referenced study, the nanostructured powder was seen 
by the other researchers to decarburise severely, leading to a high amount 
of W2C and W within the coating microstructure in comparison to the other 
larger grained WC-Co coating. Due to the hardness differences between 
bulk WC and W2C discussed in Section 4.5, this could explain the 
microhardness differences found within the aforementioned study and the 
work presented within this chapter [55].  
As discussed in Section 2.4 ID-HVOF thermal spray systems must be 
capable of applying coatings at potentially very short stand-off distances, 
with smaller, lighter particles offering the advantage of requiring less 
kinetic energy to be accelerated to the velocities needed to provide 
sufficient plastic deformation on impact with the substrate. The MC-15 
coating was found to have the highest microhardness of all tested within 
this study, alongside comparable fracture toughness and wear resistance 
to the other coatings tested. The larger amount of decarburisation suffered 
by this powder during spraying due to its smaller size was seen to not 
severely reduce the wear resistance of the coating. Therefore, the results 
presented within this chapter indicate that this powder may be suitable for 
the ID-HVOF thermal spray experiments covered later throughout this 
thesis. As the nanostructured NC-30 powder produced coatings with the 
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advantage in wear resistance, this powder will not be used for subsequent 
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Having the ability to deposit coatings that perform to an acceptable level in 
today’s market at stand-off distances as small as possible is of great 
importance to the thermal spray industry. This would provide a wider 
variety of potential applications for ID-HVOF thermal spraying, opening the 
technique to new markets in which previously HVOF thermal spraying was 
not feasible. As discussed in Section 2.4, applying coatings at very small 
stand-off distances presents significant challenges, due to the greater 
particle acceleration required to produce good coatings at smaller stand-off 
distances. This issue can partly be rectified using finer powder feedstocks, 
which itself presents new problems such as increased heating of the 
particles. However, the results of Chapter 4 indicated that coatings sprayed 
from a powder feedstock with a smaller particle can compete with ones 
sprayed from larger powders in wear resistance applications and will 
therefore be used in the subsequent experiments. 
The literature review identified that there is a current lack of knowledge 
regarding the microstructure and sliding wear resistance of WC-Co-Cr 
coatings sprayed by HVOF thermal spraying at small stand-off distances. 
This is likely because the dimensions of the majority of the commercially 
used HVOF thermal spray systems limited them for use in applications 
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problems mentioned above. It was also determined in the literature review 
that there is only current one study in which WC-Co-Cr coatings were 
applied on internal surfaces using an ID-HVOF thermal spray process [1] 
and it involved spraying onto cylindrical parts with an internal diameter of 
200mm, meaning the effect of spraying WC-Co-Cr thermal spray coatings 
on the internal surfaces of parts smaller than this is currently unknown.  
As highlighted in Section 2.4 certain control aspects of the spray process 
are more difficult to manage in ID thermal spray processes in comparison 
to outer diameter spraying, for example substrate cooling and the 
accumulation of residual particles. Excessive heating of the substrate 
during the spray process can affect the properties of the final coating, 
including changing the residual stresses and phase composition within the 
coatings. The effects of thermal diffusion coefficient mismatch between 
coating and substrate will be increased at higher substrate temperatures 
leading to higher thermal stresses present within the coatings. This has 
been shown to result in greater unwanted tensile residual stresses within 
HVOF thermal spray coatings. While measures can be taken to control 
substrate overheating issues in ID thermal spray processes, such as using 
special tube or air-jet cooling systems it is still largely unclear how the 
microstructure and tribological properties of the coatings, as well as the 
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In this chapter the ID-HVOF thermal spray system will be used to apply 
coatings of the MC-15 powder studied in Chapter 4 onto the internal surface 
of cylindrical tubes with internal diameters of 70mm, 90mm and 110mm to 
investigate the effect of part diameter on the microstructure, mechanical 
properties and wear resistance of the sprayed coatings. The feedstock 
powder used for all coatings was the previously studied MC-15 powder; 
details and characterisation of this powder feedstock can be found in 
Section 4.4.  
 Spray Parameters 
 
A mixture of hydrogen (200 – 300 SLPM), air (100 – 400 SLPM) and oxygen 
(100 -200 SLPM) was used to spray all coatings studied, with the 
combustion chamber pressure coming to 8bar. When spraying samples at 
each ID, the same spray parameters were used in order to investigate the 
effect of the change of ID. 
 Coating Characterisation 
 
5.3.1 Phase analysis 
 
The coatings sprayed within the 70mm, 90mm and 110mm tubes are 
named as ID70, ID90 and ID110, respectively. To assess the phase 
composition of the as sprayed coatings, XRD was used, with the results 
presented in Figure 5-1. The phases WC, Co6W6C and a solid solution of 
(Co,Cr) were found within the powder feedstock. When comparing the XRD 
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formation of W2C can be seen to have occurred during the spray process. 
The presence of Co6W6C can no longer be detected in the coatings, with 
Co3W3C detected instead, implying carbon has dissolved in the binder phase 
during spraying, as the ratio of carbon to metallic elements in the binder is 
greater for Co3W3C in comparison to Co6W6C. Diffraction peaks within the 
2θ=37°-46° range can be seen to have broadened, indicating possible 
amorphous material within the microstructure of the coatings [56]. 
Quantitative Rietveld refinement determined that the W2C content of the 
ID70, ID90 and ID110 coatings was at 6.76wt.%, 6.81wt.% and 4.68wt.%. 
However, the ID110 coating was found to contain the highest weight 
percentage of the η-phase carbide Co3W3C of all coatings, at 8.19%wt. in 
comparison to the ID70 and ID90 coatings with η-phase carbide contents 
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Figure 5-1 - XRD diffractograms of the three sprayed coatings and feedstock 




121 | P a g e  
 
5.3.2 Coating mechanical properties and microstructure  
 
The microhardness, indentation fracture toughness, elastic modulus, 


















ID70 224±7 1201±106 3.9±0.4 375±82 1.6±0.8 
ID90 214±7 1319±40 4.8±0.2 419±52 1.4±0.4 
ID110 129±4 1310±51 3.3±0.5 342±74 1.4±0.5 
 
Table 5-1 - Microhardness, Indentation fracture toughness, elastic modulus, 
thickness and porosity of the as sprayed coatings 
The thickness of the three coatings was seen to differ significantly, with the 
ID110 coating found to have a lower thickness than the other two coatings. 
This could be related to the increased linear speed of the substrates during 
the spray run when mounted within the larger cylindrical tube, with the 
substrates mounted within the larger tube moving at a higher linear speed 
in relation to the torch.  
The ID70 coating was found to have the lowest microhardness and highest 
porosity, with also the largest standard deviation of readings, implying 
more non-homogeneity throughout the microstructure. The ID90 coating 
was measured to have the highest indentation fracture toughness and 
elastic modulus of all coatings measured, with ID110 having the lowest in 
both regards. The measured standard deviation of the elastic modulus was 
found to be significant for all three coatings. Due to the small size of the 
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grain, area of binder phase or a combination of two. As each of these 
different phases within the coating exhibit very different mechanical 
properties, this could explain the large deviation in elastic modulus 
readings. 30 indents were performed to determine the mean elastic 
modulus for each coating to attempt to improve the reliability of the results, 
however it appears that the amount of error may still be significant. 
Low magnification BSE SEM images of the three coatings are displayed in 
Figure 5-2; the difference in coating thickness can be clearly seen. 
Throughout the microstructure of all coatings but particularly in the ID70 
coating, areas of a phase with a darker contrast can been observed. EDX 
point scans carried out in these areas determined the composition of this 
phase was primarily Fe, with trace amounts of Si and Mn also detected, 




































Figure 5-2 - Low magnification BSE SEM images of the coating 
cross section. (a) ID70 (b) ID90 (c) ID110. Impurities within the 
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The microstructure of the three coatings can be seen in the BSE SEM 
images in Figure 5-3. Grains of WC can be observed embedded in a binder 
phase with a varying contrast, like that seen in the WC-Co-Cr sprayed in 
the previous chapter.  
In the SEM image of the ID70 coating in Figure 5-3a, splats with a shape 
reminiscent of the original feedstock powder can be observed, with an 
example shown below in Figure 5-4. The presence of such splats could 
indicate that these particles underwent insufficient plastic deformation on 
impact with the substrate, resulting in irregularities within the lamellar 
coating structure. The presence of this feature was not observed within the 
ID90 and ID110 coatings, meaning it could be an effect caused by the 
shorter standoff distance. 
In areas of the ID110, a dark phase can be observed lying between the 
splats in certain areas of the coating, with an example shown below in 
Figure 5-5. EDX point scans along this phase reveal the phase contains a 































Figure 5-3 - Higher magnification BSE SEM images of the cross section 



























Figure 5-4 - SEM images of the cross section of the ID70 coating showing an example of a 
splat having a similar shape to that of the MC-15 powder feedstock. Porosity can be seen 
at the splat perimeter 
Figure 5-5 - BSE SEM image showing an example of an intersplat phase found 
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 Sliding wear behaviour and examination of worn surfaces 
 
The specific wear rates of the three coatings measured when testing at 
both loads are presented in the bar graph in Figure 5-6 below. 
 
Figure 5-6 -Specific wear rates of the three coatings when tested at the 96 N 
and 240 N loads 
At the lower 96N load, all specific wear rates were seen to be in the 10-
7mm3/Nm range indicating that wear is relatively mild. At the lower load 
the ID110 coating was found to suffer the highest specific wear rate; 
however, as the load was increased to 240N the ID70 coating was found to 
undergo the most material loss. At both loads the ID90 coating was found 
to be the best performer out of the three coatings.  
To gain further insight regarding the mechanisms of wear taking place, the 
plan view of all wear tracks was imaged using SEM. The images of the worn 
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in Figure 5-7. On the ID70 sample, isolated areas with a darker contrast 
can be observed. EDX point scans in these areas reveal a high oxygen 
content and tungsten content, like that seen on the worn surfaces of the 
coatings studied in the previous chapter. It is therefore likely again that the 
formation of these features is again due to tribo-oxidation processes. 
Cracks can be seen running across the worn surface of the ID70 coating, 
perpendicular to the direction of the counterbody movement. Small pores 
can be seen particularly on the worn surface of the ID90 coating; these are 
likely sites at which the pullout of grains of WC has occurred due to the size 
and positions of these voids being in line with that of the WC grains seen 
throughout the coating. Meanwhile on the worn surface of the ID110 
coating evidence of large areas of material pullouts can be seen; with an 
example site in Figure 5-7f being at least 50µm in diameter. It can also be 
observed that the wear track on the ID110 is much wider than the track on 


































Figure 5-7 - Plan view SEM SE images of the wear scars produced from the sliding 
wear tests at 96N. The position of the wear track lies between the arrows. The images 
on the right show higher magnification BSE images of the wear track surface, with an 
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When the load was increased to 240N, differences can be seen on the worn 
surfaces of all three coatings, displayed in Figure 5-8. The surfaces of the 

























Figure 5-8 - Plan view SEM images of the wear scars produced from the sliding 
wear tests at 240N for all three coatings. The images on the left column show low 
magnification SE images of the wear track and the image on the right column show 
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While the patches of oxidised material can be again observed on the worn 
surfaces of both of these coatings, it is much more abundant on the worn 
surface of the ID70 coating. This coating was measured to suffer the 
highest wear at 240N, indicating their formation may be a key factor in the 
mechanism of wear taking place. On the worn surface of the ID110 coating 
in Figure 5-8e cracks can be seen on the track that appear to originate from 
the track centre, before propagating out to the edge of the track, 
perpendicular to the counterbody movement direction. The cracking can be 
seen to propagate particularly through the binder phase.  
To uncover more information on the wear mechanisms taking place, the 
cross sections of the worn coatings were imaged using SEM, with the 
images displayed in Figure 5-9. The cross section of the ID70 and ID90 
shows a similar shape at both loads, with no sub surface cracking observed. 
In contrast to this, large subsurface cracks can be observed within the 
ID110 coating following the sliding wear testing at both loads. Cracks can 
be seen propagating into the centre of the coating parallel to the 



































Figure 5-9 - SEM images of the cross section of the worn coating surfaces. (a) 












5.5.1 Effect of part diameter on coating microstructure and phase content 
 
From the results presented throughout this chapter, it is clear that the 
internal diameter of the cylindrical tube has an effect on the microstructure, 
mechanical properties and subsequently the sliding wear resistance of the 
coatings.  
The XRD results and Rietveld analysis revealed differences in the phase 
composition of the coatings. The presence of W2C was detected in all three 
coatings, however this phase was present in lower amounts in the ID110 
coating in comparison to the other two. Due to the longer stand-off distance 
used when spraying this sample, this result contradicts previous data in 
which it has been stated the use of longer stand-off distances should lead 
to an increase of the W2C phase, as the in-flight particles are at an elevated 
temperature for a longer period of time, allowing more decarburisation to 
take place [37]. It was also determined that the ID110 coating contained a 
higher amount of Co3W3C phase than the other two coatings, a phase that 
was not detected in the feedstock powder and as a result must have formed 
during the spray process. Due to the tungsten and carbon contents of this 
phase, it is likely also a product of WC grain dissolution into the CoCr binder 
during the spray process. The presence of η-phase carbides has been 
detected in WC based coatings that have been subjected to elevated 
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found to contain no η-phase carbides after spraying were found to contain 
large amounts after heat treatment at 600°C [116].   
It has been previously shown that W2C is not thermodynamically stable at 
temperatures below 1523K, with the phase undergoing solid state 
decomposition at temperatures below this point [60]. Due to the rapid 
solidification of splats following impact with the substrate in traditional 
external thermal spray processes, there is little time for this decomposition 
to occur meaning W2C is present in the final solid coating. For cases in 
which the coatings undergo slow cooling or further heat treatment, the 
stable crystalline η-phase carbides are formed instead. The phase diagram 
of the W-Co-C system indicates the formation of M6C carbides without the 
presence of M12C occurs when temperatures exceed approximately 1150°C. 
[73]. As particle temperatures in HVOF thermal spraying likely exceed 
1150°C [14], the conditions may be right for M6C carbide to form.  
The lower W2C and higher Co3W3C content of the ID110 is likely related to 
differences in the thermal state of the particles during deposition. Two 
possible reasons can be formulated to explain the differing phase content: 
either particles sprayed at the longer stand-off distances started to cool in-
flight prior to impact with the substrate, resulting in the formation of η-
phase carbides. Alternatively, the substrate temperatures during the spray 
process when spraying the ID110 coating was higher than that when 
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deposited splats post deposition heating, promoting η-phase carbide 
formation.  
Evidence for the first explanation could possibly be given by the fact that 
the coating thickness of the ID110 was a lot lower than the other two 
coatings. The in-flight temperature of the particles prior to impacting the 
substrate has been shown to affect the deposition efficiency, particularly if 
the degree of melting of the particle is affected. When the degree of melting 
of the in-flight particles is lower, particles may simply bounce off the 
substrate meaning they are not deposited, resulting in a lower coating 
thickness and higher porosity [117]. However, it was determined that the 
porosity of this coating was actually lower than that of the ID70 coating, 
and the hardness was similar to the ID90 coating, which would likely not 
be the case if the particles were insufficiently melted on impact. Therefore, 
it is more likely that the difference in phase content of the ID110 coating is 
due to an increase in the substrate temperatures during the spray process. 
Unfortunately, a record monitoring the temperatures of the substrate 
during the spray process was not kept, meaning these claims cannot be 
verified for certain. The increased presence of Co3W3C within the coating 
microstructure of WC-Co has been shown to lower the overall fracture 
toughness of the material [84,118], meaning this could explain the lower 
fracture toughness of the ID110 coating. The measured elastic modulus of 
the three coatings was seen to follow the same trend as the fracture 
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coatings [119], with the ID90 coating having the highest fracture 
toughness and elastic modulus and ID110 the lowest. 
Differences in the mechanical properties of the three coatings can be 
observed. The microhardness of the ID70 coating was determined to be 
lower than that other of the other two coatings, as well as this coating 
having the highest porosity. As heightened porosity has been shown to be 
linked with reduced microhardness in thermal spray coatings, this could 
possibly explain the difference in microhardness between the ID70 coating 
and the other two. It is also possible that this microhardness reduction is 
linked to the temperature and velocity of the in-flight particles. The 
microhardness of thermal spray coatings has been previously shown to be 
strongly linked to in-flight particle velocity, with higher velocities resulting 
in coatings with increased hardness [119]. At the short stand-off distance 
used when spraying the ID70 coating, it is possible in-flight particles are 
still undergoing acceleration meaning the velocity at the moment of impact 
with the substrate is lower than when spraying at larger stand-off 
distances. This may also explain the increased porosity found within the 
ID70 coating, due to the reduced velocity leading to lower plastic 
deformation of the particles on impact leading to the formation of pores. 
Splats within the ID70 coating still retaining a shape similar to that of the 
original powder feedstock were seen in places throughout the 
microstructure, which may be present because of insufficient deformation 
on impact of particles lacking enough velocity, providing evidence for this 
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throughout the microstructure, with only some appearing under deformed 
as observed in Figure 5-4.  
For traditional HVOF thermal spray torches that use axial injection for the 
feedstock powder, the majority of the particle acceleration occurs within 
the combustion chamber and nozzle [120]. However, the feedstock powder 
is injected radially downstream of the combustion chamber when spraying 
with the ID-HVOF thermal spray torch used within this chapter. This means 
the particle acceleration will only take place outside the torch within the 
flame meaning there may be less time for the injected powder to distribute. 
Due to effects present within the flame such as turbulence and flow 
fluctuations, it is possible that particles may undergo different amounts of 
acceleration depending on their actual position within the flame and a lower 
residence time of the particles in the flame when spraying at shorter stand-
off distances could increase this issue. 
The effect of coating thickness on the properties of WC-Co-Cr thermal spray 
coatings has been previously investigated; for very thin coatings with a 
thickness of 59µm, increasing this thickness to 80µm led to a hardness 
increase of almost 250 HV0.3. However as the thickness was increased 
further up to a thickness of 150µm, the increase in hardness began to 
quickly tail off, with subsequent layers doing little to raise the coating 
hardness [121]. The measured thickness of the three coatings within this 
study are all within the range of thickness at which extra layers were shown 
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differences between the coatings can be used to explain any hardness 
variations.  
Impurities originating from the substrate were found to be present within 
all three coatings but were observed more within the ID70 coating. As 
magnets were used to mount the substrate discs within the inside of the 
cylindrical tubes, it is possible that loose debris produced during spraying 
was attracted to the magnet, before being covered up by the subsequent 
passes of the spray torch resulting in impurities within the layers of the 
coating. The effect was more prominent when spraying the ID70 coating 
due to the reduced size of the tube meaning any debris is closer to the 
mounting magnets and as a result, these impurities were found more within 
this coating.  
5.5.2 Effect of part diameter on coating wear behaviour 
 
The specific wear rates of the three coatings, alongside the SEM images of 
the worn coating surfaces, indicate that there may be differences in the 
mechanisms of wear occurring within this study. When tested at the 96N 
load, cracks can be seen lying across the whole width of the wear track and 
is accompanied by oxidised material. When the load is raised to 240N, the 
amount of visible oxidised material on the surface of the track is shown to 
increase. Due to the lower microhardness of the ID70 coating, material can 
be broken off the surface of the coating more easily, which may then lead 
to the formation of oxidised material via tribooxidation processes. The 
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of coating material, leading to spots of oxidised areas found across the worn 
surface. As the load is increased the effect is amplified due to the higher 
contact pressure, leading to accelerated debris formation and oxidation. 
The size of the oxidised sites on the worn surface is in the ranges of the 
size of one of more feedstock particles meaning the coating may be 
fragmenting at a multisplat level. This could indicate the cohesion between 
the splats, or groups of splats is not as high within this coating and this 
could be linked with the insufficient particle acceleration caused by the 
short stand-off distance.  
On the worn surface of the ID90 sample tested at the 96N load, sites at 
which the pull out of the WC grains has occurred can be observed, similar 
to that seen in other work [18]. The edges of the hole left from these WC 
pull outs can be seen to consist of binder phase with straight edges 
characteristic of brittle fracture, meaning brittle fracture of the binder phase 
likely occurred resulting in pull out of the WC grains. When the load was 
raised to 240N areas of the coating in which larger scale pull out can be 
observed. This could be caused by the coalescence of cracks within the 
binder phase leading to reduction of the fracture toughness in these areas. 
The same oxidised material can also be seen on the surface of this coating, 
likely due to debris being created during the wear test that is vulnerable to 
oxidisation in a similar manner to the ID70 sample. 
The increase in specific wear rate when the load was raised from 96N to 
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images show the smallest difference in track width between the two loads. 
Cracks can be seen at the edge of the wear track at the 240N load 
propagating from the centre of the track to the edge, parallel to the 
direction of counterbody movement. Compressive stresses are generated 
ahead of the counterbody, and cracks are formed pushing the coating 
material outwards towards the edge of the wear track. Localised regions of 
the coating in which defects such as porosity or impurities may provide 
areas in which the coating can buckle in response to these stresses [122], 
and then these spread due to propagation of interfacial cracks. Although 
the specific wear rate of this coating was found to be lower than that of the 
ID70 coating at the 240N, the subsurface of the coating under the wear 
track was found to have suffered severe damage, suggesting it may not be 
suitable for any application at higher loads.  
The ID70 coating performed worse in the sliding wear tests than the ID90 
coating at both loads due to its lower microhardness and fracture toughness 
in comparison to the other coating. ID110 was observed to crack at both 
loads, unlike the other two coatings, likely due to its reduced fracture 
toughness. From the results gathered within this chapter it appears the 
fracture toughness has a more dominant effect on the wear behaviour of 
the coatings than the microhardness, particularly at the 96N load. This is 
because while the microhardness of the ID90 and ID110 coatings was found 
to be similar, the specific wear rates and wear mechanisms were different. 
The results indicate that brittle fracture of the binder phase is a main cause 
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larger scale material pull out is occurring. The reduced fracture toughness 
of the ID110 coating resulted in greater crack propagation from the wear 
tests in comparison to the other two samples leading to the highest specific 
wear rate measured at the 96N load. When the load was raised to 240N the 
ID70 coating then suffered the highest measured specific wear rates. This 
coating had the lowest microhardness of the three coatings, suggested that 
at the higher load the wear rates of the coating are largely affected by the 
coating microhardness.   
The results of this chapter suggest the most durable coating for a wear 
resistance application was the ID90 coating, suggesting the spray 
parameters are best optimised for this stand-off distance of 50mm. 
5.5.3 Differences between ID-HVOF and outer diameter HVOF thermal 
sprayed coatings 
 
To assess differences inherent to ID-HVOF, the samples studied within this 
chapter were compared to the sample sprayed with the same feedstock 
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Figure 5-10 - XRD diffractograms of the MC-15 and ID90 coatings. Peaks used 
to identify the presence of W2C are marked with arrows and Co3W3C is marked 
with a circle 
 
The MC-15 coating from Chapter 4 was seen to contain a more significant 
amount of W2C in comparison with the ID-HVOF sprayed coating, as can be 
observed in the comparison shown in Figure 5-10. When comparing to the 
externally sprayed samples studied in Chapter 4, a difference in phase 
composition can be seen. The internally sprayed coatings were all found to 
contain lower amounts of W2C due to the less intense peaks at 2θ≈40°. 
The stand-off distance used when spraying the MC-15 coating was fixed at 
120mm, in comparison with the 50mm stand-off for the ID90 coating; this 
further distance travelled by the particle in flight likely can explain the 
increase in W2C found within the coating due to an increased time in the 
flame at elevated temperature prior to deposition. XRD diffractograms show 
peaks with a greater intensity at 2θ≈43° for the internally sprayed samples, 
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the externally sprayed samples. As discussed in Section 5.5.1 the formation 
of Co3W3C can occur when the temperature of the substrate is insufficiently 
cooled during the spray process.  For internally sprayed coatings, cooling 
of the substrate may be more challenging due to the enclosed space, 
resulting in slower quenching of the particles on impact. This may have the 
effect of allowing the thermal decomposition of W2C to occur more readily, 
leading to the promotion of the formation of Co3W3C in the microstructure. 
This may explain why the Co3W3C phase was found within the internally 
sprayed coatings but not the outer diameter samples studied in the 
previous chapter.  
The mechanical properties and specific wear rates of the MC-15 coating 
from Chapter 4 and best performing ID-HVOF coating ID90 are compared 
in Table 5-2. 
Table 5-2 - Comparison of the microhardness, fracture toughness and porosity 
of outer diameter (MC-15) and ID HVOF (ID90) coatings 
 
The MC-15 coating sprayed in the traditional outer diameter setup can be 
observed to have a higher microhardness and lower porosity in comparison 
to the internally sprayed ID90 coating, but its fracture toughness was 
reduced. The lower microhardness of the ID90 coating can possibly be 















rate at 240 N 
(mm3/Nm) 




MC-15 1341±43 3.89±0.52 0.27±0.11 (1.34±0.46)  
x10-6 
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comparison to the MC-15 coating combined with a greater percentage of 
porosity. 
Specific wear rates were found to higher for the outer diameter coating MC-
15 at both the 96N and 240N loads in comparison to the ID90 coating. Data 
presented in Chapter 4 and Chapter 5 regarding the wear behaviour of the 
two coatings reveals that cracking can be seen in positions on the worn 
surface, indicating that brittle fracture plays a role in the mechanism of 
wear. This means fracture toughness of the coatings plays a vital role in 
the tribological behaviour of the coatings when tested in this sliding wear 
setup, as coatings with a higher fracture toughness will be more resistant 
to the propagation of these cracks therefore heightening their resistance to 
sliding wear.  
 Summary of Chapter 
 
In this chapter, WC-Co-Cr coatings were sprayed onto substrates mounted 
within 3 cylindrical tubes with internal diameters of 70mm, 90mm and 
110mm using the ID-HVOF thermal spray torch, in order to investigate the 
effect of part diameter and therefore stand-off distance on the 
microstructure, phase composition, mechanical properties and sliding wear 
resistance of the sprayed coatings.  
The coatings sprayed within the different sized tubes differed in phase 
composition, mechanical properties and resistance to sliding wear. 
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lowest microhardness and highest porosity. With splats still retaining the 
shape of the original powder feedstock present within this coating, the low 
microhardness and high porosity is likely due to particles being unable to 
accelerate sufficiently when spraying within the smallest tube due to the 
reduced stand-off distance.  
The coating sprayed within the 90mm tube ID90 was found to have the 
best mechanical properties and lowest wear rates during wear testing, 
showing the spray parameters used were best optimised for this stand-off 
distance.  
The coating sprayed within the 110mm tube was found to contain lower 
amounts of W2C and higher amounts of η-phase carbide Co3W3C in 
comparison to the other coatings. These η-phase carbides are said to form 
when substrate cooling is insufficient and their presence within the coatings 
was found to reduce the coating fracture toughness, implying that substrate 
temperatures possibly were higher during the spray process when spraying 
the ID110 sample.  The higher η-phase carbide content of the ID110 
coating resulted in severe crack propagation during wear testing making 
these coatings not suitable for use in this current state.  
The results of this chapter show that spraying WC-Co-Cr coatings onto 
internal surfaces is viable, however it is apparent that substrate 
temperature control is of vital importance as substrate overheating can lead 
to degradation of the coating fracture toughness in particular, which can 
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Chapter 6. Microstructure and sliding wear behaviour 





As discussed in the literature review, NiCrFeSiB coatings are useful for 
applications in which resistance to corrosion, wear and heat are required. 
In particular, the use of NiCrFeSiB powders combined with a reinforcing 
hard phase such as WC-Co to the powder feedstock have been shown to 
compensate for the lower hardness of the Ni alloy, leading to an 
improvement in the sliding wear resistance in the coatings. 
It has been previously identified during the literature review that the 
application of such composite coatings by HVOF thermal spraying is a little 
researched area, with current studies largely focusing on the erosive wear 
of these composite coatings. One study did investigate the sliding wear 
performance of WC-Co/NiCrSiB composite coatings, but the work was 
missing detailed analysis of the worn surface of the coatings and 
counterbody materials, meaning the mechanisms of sliding wear are still 
unknown. In this chapter, composite coatings sprayed from a WC-
Co/NiCrFeSiB mixed powder feedstock were subjected to sliding wear 
testing against two different counterbody materials to assess the coating’s 
performance. Counterbodies of Al2O3 and WC-Co were used in order to 




147 | P a g e  
 
ceramic material, alongside a like-on-like style coupling as carried out in 
the previous chapters. 
The effects of spraying a composite powder feedstock with a HVOF thermal 
spray torch designed for internal surfaces is also currently unknown, 
meaning the results presented during this chapter may provide a valuable 
insight into the future application of these composite coatings for an ID-
HVOF thermal spray process. The effect on the final sprayed coating of 
changing the spray parameters is also currently not known; therefore 
coatings sprayed using two different parameter sets were studied within 
this chapter in order to provide insight into the effect of the gas flowrate 
into the torch on the coating performance. Lowering the overall gas flowrate 
into the torch will reduce the operating cost of the process, improving the 
economic potential of the process. However, it is currently unclear to what 
degree this would affect the final coatings. 
In this chapter, the effect of changing the gas flowrate into the ID-HVOF 
thermal spray torch when spraying WC-Co/NiCrFeSiB composite coatings 
will be investigated. Sliding wear testing against two different counterbody 
materials will be carried out in order to assess the sliding wear behaviour 
of the coating against different materials, providing insight into the 
feasibility of these composite coatings for a potential ID application to 
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 Coating deposition 
 
For the work carried out within this chapter, a commercially available 
powder feedstock consisting of 50/50wt.% WC-Co/NiCrFeSiB (AMPERIT® 
560.090, H.C Starck, Germany) with a nominal powder size of 45/5µm was 
deposited onto the same AISI 416 stainless steel discs used in the previous 
chapter using the ID-HVOF thermal spray torch. A traditional outer 
diameter setup was used in the same configuration as carried out in 
Chapter 4, as the aim of these experiments was to investigate the feasibility 
of spraying this composite powder feedstock with the ID-HVOF thermal 
spray torch for future ID applications. The stand-off distance used when 
spraying all samples was fixed at 100mm.  
Table 6-1 shows the spray parameters used within this chapter; note the 
ranges of the fuel, oxygen and air flowrates utilised for all samples are 
shown due to commercial sensitivity.  
Fuel Input Pressure Flow rate 
Fuel 10bar 200-300 SLPM 
Oxidiser Input Pressure Flow rate 
Oxygen 10bar 100-200 SLPM 
Air 10bar 100-400 SLPM 
Combustion 
Pressure 
Flame Temp Gas Velocity 
6-8 bar 2000-3000K Mach 2-2.5 
Powder Injection 
Method 
Axial Partially Inside or Outside the 
Torch 
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To investigate the effect of spray parameters on the microstructure and 
therefore consequently the sliding wear resistance of the coatings the total 
flowrates entering the torch were set at 150L/min and 500L/min, with the 
exact composition unable to be disclosed. The aim of increasing this input 
gas flowrate is to lower the temperature of the flame. The coatings sprayed 
at the low and high input gas flowrates are named NiSF_LF and NiSF_HF 
respectively throughout the following chapter.  
 Powder feedstock characterisation 
 
SEM images of the feedstock powder and BSE images showing the cross 
section of the powder particles is displayed below in Figure 6-1. 
 
The WC-Co particles can be seen as the smaller, roughly spherical shaped 
particles with an exterior covered in block like grains of WC similar to the 
WC-Co-Cr powders studied in the previous chapters; meanwhile the Ni alloy 
can be seen as the larger spherical particles. The BSE images of the powder 
cross section reveal the WC-Co particles are largely hollow, however in 
2 
1 
Figure 6-1 - (a) SEM image of the composite powder feedstock. (b) 
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contrast the Ni alloy particles appear to be non-porous. Two distinct phases 
exhibiting a separate contrast can be observed within the cross section of 
these Ni alloy particles, with EDX point scans revealing the composition 
difference between these regions in Table 6-2. The spots with a darker 
contrast were found to be rich in Cr, with the Ni content dropping from 
about 71wt.% in the surrounding areas to 29.5wt.% in the Cr rich region. 
 
From the SEM images in Figure 6-1, it can be observed that the size of each 
powder type in the composite feedstock differs significantly. The size 
distribution of the composite powder feedstock is displayed below in Figure 
6-2 and this size difference can be seen. The most common particle sizes 
detected were at approximate diameters of about 25µm and 44µm and 
from the SEM images of the composite powder feedstock it can be assumed 
this corresponds with the sizes of the WC-Co and Ni alloy particles 
respectively.  
Location (all in 
wt.%) 
C  Si  Cr  Fe  Ni  B  
Point 1 6 4.6 14.8 3.7 70.9 - 
Point 2 11.3 1.5 35.8 2.8 29.5 19.1 
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Figure 6-2 - Particle size distribution of the composite powder feedstock 
The phase composition of the powder feedstock was investigated using 
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The phases that can be attributed to the WC-Co particles include WC and 
Co, similar to that seen in other work [58], with the rest of the detected 
crystalline phases being linked to the Ni alloy particles. The phase 
composition of the Ni alloy can be observed to be much more complex; 
apart from the Ni phase, the presence of a number of silicides and borides 
were detected as seen in other work where similar alloys were studied 
[123].  
 Coating characterisation 
 
XRD diffractograms of the as sprayed coatings are displayed in Figure 6-4. 
Little difference can be observed between the phase compositions of both 
coatings, indicating that increasing the gas flowrate into the torch had little 
effect on the phase composition of the coatings. However, a clear difference 
can be seen in the phase composition of the coatings in comparison to the 
feedstock powder in Figure 6-4; the presence of a broad hump between 
approximately 2θ=37°<2θ<50° can be observed indicating the formation 



















The peaks attributed to minor phases present within the Ni alloy can be 
seen to have reduced in intensity, as well as being observed to disappear 
completely at higher 2θ values. It is likely that these minor crystalline 
phases that were detected in the powder feedstock formed a solid solution 
during the spray process and were not able to fully recrystallise when the 
in-flight particle impacted the substrate and solidified. Unlike the coatings 
studied in the previous chapters, no W2C or elemental W was detected 
within the coating microstructure indicating little to no decarburisation of 
the WC-Co powder occurred during the spray process when spraying under 
both conditions.  
SEM SE and BSE images of the cross sections of the as sprayed coatings 
are presented in Figure 6-5. Both coatings were found to have densely 
packed structures containing little porosity. No signs of cracking were 
NiSF_LF 
NiSF_HF 
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observed, and coatings were found to have good adhesion to the substrate, 
characterised due to the lack of any cracking or delamination across the 
coating/substrate interface. The measured thickness of the NiSF_HF and 
NiSF_LF coatings was 518±11µm and 576±8µm respectively. 
 
Figure 6-5 - (a,b) SEM SE images of the NiSF_HF and NiSF_LF coating cross 
section. (c,d) BSE images of the coating microstructures. Intersplat phases are 
marked on the images with a red arrow. 
The splats of Ni alloy and WC-Co can be observed throughout the 
microstructure, with the WC-Co splats having a brighter contrast. Many of 
the darker Ni alloy particles can be observed to have retained their original 
spherical shape when being deposited onto the substrate. The approximate 
diameter of these spherical splats within the microstructure of both coatings 
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coatings being found to be 41±11µm and 37±7µm respectively. The Cr rich 
areas that were observed in Figure 6-1 can also be seen throughout the 
coating cross section within some of the splats originating from Ni alloy 
particles.  The relative volume percentage of WC-Co splats within the 
microstructure was measured for each coating, with the NiSF_HF and 
NiSF_LF and 30.3±2.1% and 30.9±1.1% respectively, with the remaining 
percentage consisting of either Ni alloy phase or porosity. This indicates 
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Thin string like phases with a brighter contrast can be seen throughout the 
microstructure of both coatings and are marked on the SEM image in Figure 
















The results from EDX point scans across one such area are shown in Figure 







Figure 6-6 - EDX line scan across the intersplat phase 
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percentage of Ni (>60wt.%) with little W and Co (<15wt.%). The brighter 
contrast of the marked areas indicates a higher atomic density in these 
areas in comparison to the Ni alloy and EDX point scans across these 
features indeed reveal a large W content of up to 40wt%. The presence of 
Ni was still detected from the point scans carried out within the bright 
region, with a spot in the centre found to contain approximately 15%wt. 
Ni.  
The microhardness, indentation fracture toughness and porosity of the two 
coatings are displayed below in Table 6-3. 
 
NiSF_HF was found to have a higher microhardness than the NiSF_LF 
coating, while its fracture toughness was slightly lower. However, with the 
error from the measurements taken into account, it is likely that the 
fracture toughness of the two coatings is similar. A small degree of porosity 
can be observed in both coatings, however it was found to be more 











NiSF_HF 926±83 4.5±0.2 0.3±0.1 
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 Sliding Wear testing 
 
The coatings within this chapter were subjected to sliding wear testing 
using the microtribometer 10 N load setup described in Section 3.4.1, with 
a sliding distance and speed of 500m and 0.16m/s used. To assess the wear 
behaviour of the coatings when contacted against brittle ceramic materials 
and like on like cermet materials, spherical counterbodies of sintered WC-
Co and Al2O3 were used as the counterface materials. Prior to the wear 
testing, the surface roughness (Ra) of the coatings was measured by 
profilometry to lie in the range of 0.02–0.05µm, with the Ra of the 
counterbodies quoted by the manufacturer to be <0.02µm. 
The specific wear rates of the two coatings tested against both counterbody 
materials and the specific wear rate of the respective counterbodies is 
displayed in Figure 6-7. It was determined that the NiSF_LF coating sprayed 
using the lower gas flowrate into the torch wore more against both 
counterbody materials than the NiSF_HF coating. The NiSF_HF coating 
wore at rate of 5.00x10-7mm3/Nm against the WC-Co counterbody and 
1.10x10-6mm3/Nm against the Al2O3 ball; meanwhile the NiSF_LF coating 
wore at rates of 5.43x10-7mm3/Nm and 1.23x10-6mm3/Nm against these 
two counterbody materials. Both of the coatings were observed to suffer 
material loss at a faster rate when contacted against the ceramic Al2O3 
counterbody in comparison to the sintered WC-Co ball, with the specific 
wear rate increasing by 120% and 127% for the NiSF_HF and NiSF_LF 









Figure 6-7 - Top: Specific wear rates of the two coatings 
against both counterbody materials. Bottom: Counterbody 
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The sintered WC-Co counterbody was observed to undergo no noticeable 
wear during the sliding wear testing against both coatings, with the contact 
surface of the ball retaining its spherical shape. In contrast, the contact 
surface of the Al2O3 ball was observed to suffer material loss with a flat 
surface forming on the balls, with higher specific wear rates measured when 
wearing against the NiSF_HF coating. The coefficient of friction µ was 
monitored throughout the wear tests, with the frictional response of the 





















Figure 6-8 - Coefficient of 
friction against distance 
travelled for the wear tests 
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Against both counterbody materials, the break-in period lasts for 
approximately the first 100m of the test, with large fluctuations seen in the 
coefficient of friction. For the tests against the sintered WC-Co counterbody, 
the coefficient of friction was observed to decline during the test from a 
maximum of about 0.7 down to below 0.5. In contrast µ was observed to 
remain relatively constant following the break in period when contacting 
the coatings with the ceramic Al2O3 counterbody. The final value of µ was 
seen to be higher for both coatings tested against Al2O3 in comparison to 
WC-Co. As the frictional response of both coatings during the wear tests 
was found to be similar for each counterbody material, this suggests little 
to no difference in the wear mechanisms taking place for each coating.  
Low magnification SEM images of the worn surfaces of both coatings are 































The widths of the wear tracks were measured to be approximately 
171±3µm and 276±9µm for the NiSF_HF and NiSF_LF coatings tested 
against WC-Co and 329±16µm and 456±7µm for these coatings against 
the Al2O3 counterbody. This is consistent with the coating specific wear 
rates presented in Figure 6-7, with the NiSF_LF coating having a wider track 
width and higher measured material loss.  
SEM BSE and SE images of the worn surfaces of the coatings tested against 
the WC-Co counterbody are displayed in Figure 6-10. Some signs of small 
NiSF_HF Al2O3 NiSF_LF Al2O3 
NiSF_LF WC-Co NiSF_HF WC-Co 
Figure 6-9 - Low magnification SE SEM images showing the plan view of the 
worn surfaces of the coatings tested against both counterbody materials. Note 
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cracks can be seen around areas of spherical shaped Ni alloy splats and 


















Some small pores can be observed on the worn surface, likely areas in 
which pull out of WC has occurred; an example is marked with a circle on 
the image. Scratches in the direction parallel to the movement of the 
counterbody can be seen on the worn surface, covering both WC-Co and Ni 
alloy rich areas. Areas with a darker contrast can be seen on the SEM 
images where cracks perpendicular to the direction in which the 









Figure 6-10 - SEM BSE and SE images of the plan view of the worn surfaces of 
the coatings tested against the WC-Co counterbody. Cracking originating from 
the interphase between the cermet and Ni alloy splats and example areas of 
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detected a large concentration of oxygen meaning these are likely oxides. 
Small bright dots can be seen on surface in the SE images with a similar 
contrast in BSE to the WC grains but with a much smaller size. These are 
likely tungsten rich debris scattered across the worn surface originating 
from pulled out WC grains, or the abrasive wear of the WC phase.   
SEM BSE and SE images of the worn surfaces of the coatings tested against 
the Al2O3 counterbody are displayed in Figure 6-11. Features similar to that 
seen on the samples worn against the WC-Co counterbody can be observed 
on the worn surfaces with scratches, small cracks between Ni alloy splats 
(marked with arrows on the image) and oxidised areas (marked with a dot 
on the image) all present. The tungsten rich debris can also again be 
observed scattered across the worn surface. Overall, when testing against 
both counterbody materials, little difference can be observed between the 
worn surfaces, implying the mechanism of wear is similar regardless of 

































In order to analyse the oxide phases formed on the worn surface of the two 
coatings, Raman spectroscopy was employed with the resulting Raman 
spectra measured on the worn NiSF_HF coating presented in Figure 6-12. 
Little difference was observed in the wear mechanisms between the two 
coatings and as a result, presenting only the Raman spectra from this 
coating is required. 
Raman spectroscopy reveals peaks attributed to WO3, CoWO4 and a Ni-W 
based oxide with the Raman spectra of the pure materials used as the 
reference from other studies [124,125]. Little difference was seen between 









Figure 6-11 - SEM BSE and SE images showing the plan view of the worn 
surfaces of the coatings tested against the Al2O3 counterbody. Cracking 
originating from the interphase between the cermet and Ni alloy splats and 
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SE and BSE SEM images of the worn surface of an Al2O3 ball used in the 
wear test against the NiSF_HF coating are displayed in Figure 6-13. Low 
magnification images show a “smoothed out area” which displays a brighter 
contrast than the bulk material in the BSE images. EDX point scans in this 
region detected a large concentration of elements present in the coating 
material such as Ni, W and Co implying material transfer between the 
coating and counterbody took place during the wear test. Cracking can be 
seen surrounding the circular worn cap implying brittle fracture of the 









Figure 6-12 - Raman spectra measured from the worn surface of the NiSF_HF 
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images in the region marked on the image with the red box expose a worn 
surface characteristic of an area in which brittle fracture mechanisms have 
occurred, similar to that seen in other work [126]. Small areas with a 
brighter contrast can also be seen in the higher magnification BSE images, 
with EDX again showing the presence of elements originating from the 






















Figure 6-13 - SE and BSE SEM images of the worn surface of the Al2O3 ball. Spots 
marked with a red circle indicate positions at which EDX point scans were performed 








6.6.1 Powder and coating characterisation 
 
Throughout the microstructure of both coatings, spherical shaped splats of 
Ni alloy retaining the morphology of the starting powder can be observed 
while in contrast, the WC-Co splats appear well flattened. From this 
observation, it may be that the spray parameters used when spraying both 
coatings lead to favourable in-flight characteristics for the WC-Co particles 
but less so for the larger Ni alloy particles. The SEM images of the composite 
powder feedstock in Figure 6-1 show that the Ni alloy particles are non-
porous and vary in size, with the diameter of these particles shown to vary 
between 23 and 45µm. If a constant spherical morphology is assumed, the 
difference in volume between the smallest and largest alloy particles would 
vary by almost 750%. This would likely lead to large temperature variations 
of these particles in flight, with the larger heavier particles requiring a 
greater heat input to reach the optimum temperature at which the degree 
of particle melting required for HVOF thermal spray occurs. Furthermore, 
an increased amount of kinetic energy is required for the larger heavier Ni 
alloy particles to reach the high in-flight velocities needed to ensure 
sufficient flattening on impact with the substrate. This means that it is 
expected that the larger Ni alloy particles will not only be at lower 
temperatures in flight, but also have lower in-flight velocities too in 
comparison to smaller, lighter particles of the same material. Consequently, 
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determined to be in the size range above 37µm diameter, meaning this 
effect only occurs with the larger Ni alloy particles due to the reasons stated 
above. It has also been previously shown using in-flight particle diagnostic 
and CFD simulation methods that insufficient flattening of the sprayed 
particles on impact with the substrate results in coatings with a higher 
porosity [127,128]. 
When comparing the microstructure and mechanical properties of the two 
coatings NiSF_HF and NiSF_LF, evidence shows that it is likely that 
vulnerabilities within the coating originating from the under deformed 
splats are more prevalent in the coating sprayed at the lower input gas 
flowrate NiSF_LF. The undeformed particles throughout the microstructure 
were seen to be smaller in diameter compared to those within the NiSF_HF 
coating, implying that using the spray parameters utilised when spraying 
the NiSF_HF coating lead to increased acceleration of the in-flight particles, 
with larger particles reaching a sufficiently high velocity to deform on 
impact to create a more ideal lamellar microstructure. Furthermore the 
NiSF_HF coating was determined to have a lower porosity and higher 
microhardness than the other coating, which is likely linked as increased 
porosity has been shown to lead to a reduced coating microhardness in 
HVOF thermal spray coatings [11].  
It was previously stated that the aim of increasing the gas flowrate into the 
torch when spraying the NiSF_HF coating was to reduce the temperature 
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particles within the NiSF_HF coating and the effects this has such as a 
reduction of porosity and an increase in coating hardness, it appears raising 
input gas flowrate into the torch has a significant effect on the in-flight 
particle velocity. The coating sprayed at the lower gas flowrate and 
therefore supposedly hotter flame did not contain any phases associated 
with overheating of the particles in flight, such as W2C or W meaning that 
the flame temperature is not an issue when using either spray parameter 
set. However, assessing the effect of in-flight temperature without in flight 
particle diagnostic tools is not possible. 
Increasing the input of oxidising and diluting gases and fuel into the torch 
may lead to an increase in the combustion chamber pressure, due to a 
greater mass of material entering the fixed combustion chamber volume 
per unit time [20]. Combustion chamber pressure has been shown to be 
directly linked to in-flight particle velocity in other work [23,129] and can 
be increased by raising the fuel flowrate into the torch [130]. Higher 
combustion chamber pressures will lead to greater in-flight particle 
velocities due to the larger pressure drop between occurring when the gas 
leaves the combustion chamber, resulting in increased gas acceleration.  
6.6.2 Sliding wear behaviour 
 
In the sliding wear tests against both counterbody materials, the NiSF_HF 
coating was found to wear at a lower rate in comparison to the NiSF_LF 
coating. The better resistance to sliding wear of the NiSF_HF can likely be 
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resistance to localised deformation on the coating surface provided by the 
greater hardness resulting in lower sliding wear, similar to results seen in 
other work with HVOF thermal spray coatings [131].  
The change in the friction coefficient against distance travelling within the 
wear test can be seen to be similar for both coatings against each 
counterbody material. In addition, inspection of the worn surfaces revealed 
similar features present on the worn surfaces of both coatings, such as WC 
grain pull outs, scratch marks and cracking originating from the perimeter 
of spherical shaped splats of Ni alloy. SEM images of the coating cross 
section reveal that porosity is often present in these areas adjacent to the 
spherical Ni alloy splats and using principles of linear elastic fracture 
mechanics it is likely stresses concentrate in the coating at these pores, 
leading to cracks propagating from these regions. Consequently, it can be 
assumed that the mechanism of wear taking place in each coating is 
comparable.  
A significant difference in specific wear rate can be observed when the 
coatings were worn against the two separate counterbody materials, with 
both coatings wearing at a higher rate against the Al2O3 counterbody.  
Raman spectroscopy on the worn surfaces of both coatings reveal the 
presence of WO3, CoWO4 alongside Ni-W based oxides. The pull out of the 
WC grains evidenced by the small holes left on the worn surface results in 
loose WC particles scattered across the worn surface. These may get 
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to wear via a three body abrasion mechanism, described in Section 2.1.2; 
this can be seen in form of the scratch marks present across the worn 
surfaces of both coatings. Furthermore, these trapped WC particles may 
begin to react with atmospheric oxygen due to the heat generated from the 
sliding contact resulting in the formation of WO3. The abrasion of the 
coating surface results in the production of debris originating from WC-Co 
and Ni alloy splats and the oxidation of each of these debris types could 
explain the formation of the CoWO4 and Ni-W oxides during the wear test.  
When contacted against both coatings the WC-Co counterbody was found 
to suffer negligible wear; however, in comparison the Al2O3 balls were seen 
to undergo wear leading to the formation of a flat contact surface with 
features characteristic of brittle fracture observed. While it is said the two 
materials are comparable in terms of hardness, sintered WC-Co has a much 
higher fracture toughness with values such as 10.2MPa.m1/2 quoted by 
others [132] in comparison to the fracture toughness of Al2O3 quoted at 
about 5MPa.m1/2 [133]. The higher fracture toughness of the WC-Co ball 
meant the material could resist brittle fracture during the wear test, 
resulting in negligible wear. 
Wear of the Al2O3 ball during test resulted in the formation of a flat surface 
due to the round edge of the ball being worn down, leading to an increase 
in the contact area between the coating and Al2O3 during the wear test. In 
some cases this should be expected to actually lead to less wear, due to 
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in the contact pressure; however as seen in Figure 6-7 an increase in wear 
was observed for both coatings tested against Al2O3 in comparison to WC-
Co. This can possibly be explained as follows: as the contact surface on the 
Al2O3 ball increases in size throughout the test, more abrasive particles can 
become trapped between the coating and counterbody leading to 
heightened wear by abrasion in the system [134]. Material originating from 
the coating can be observed embedded in the worn surface of the Al2O3 
balls in Figure 6-13 providing evidence for this explanation.  
The behaviour of the coefficient of friction throughout the test was observed 
to differ depending on the counterbody material used, with the coefficient 
of friction seen to reduce during the wear test with the WC-Co counterbody 
but not the Al2O3 counterbody. The formation of CoWO4 and WO3 has been 
stated in other work to act as a solid lubricant in the system, lowering the 
coefficient of friction [135,136]. The double oxide CoWO4 is composed of 
both CoO and WO3 which have significant ionic potential differences, which 
has been said to promote anti-friction properties [135,137].  
The same oxides are present on the surface of the coatings worn against 
both counterbody materials, however the coefficient of friction only reduced 
in the coupling with the WC-Co ball. This difference in behaviour can be 
explained by considering both the wear of the ball and the coating as the 
wear of the Al2O3 ball was seen to occur by brittle fracture of the material 
while the WC-Co ball suffered negligible wear. The occurrence of brittle 
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an additional mechanism for dissipation of energy in the area of the sliding 
contact [5]. This effect could counter lubricating effects provided by the 
formation of the CoWO4 and WO3 oxides during the wear test, resulting in 
a relatively stable coefficient of friction. However, in the wear coupling in 
which the counterbody material is seen not to undergo sever wear it 
appears the lubricating effect provided by the formation of oxides on the 
worn surface occurs, leading to a reduction in the coefficient of friction.  
6.6.3 WC-Co/NiCrFeSiB coatings for future ID-HVOF thermal spray 
processes for wear resistance 
 
Overall it appears while the operating costs of the spray process can be 
reduced by lowering the gas flowrate into the thermal spray torch, the 
quality of the coating is reduced in doing so with the NiSF_LF coating 
exhibiting inferior hardness and sliding wear resistance. However, 
performance was not affected significantly, meaning for some applications 
using the lower input gas flowrate may be acceptable for the required 
design. 
The material loss of the best performing coating sprayed within this chapter 
NiSF_HF was measured at 4.99±0.06x10-7mm3/Nm against the WC-Co 
counterbody and 1.10±0.16x10-6mm3/Nm against the Al2O3 ball. For 
comparison, unlubricated sliding wear tests were carried out on WC-Co-Cr 
coatings sprayed by two widely known commercially used thermal spray 
systems, a liquid fuelled HVOF torch (JP-5000, Praxair, USA) and high 
velocity air fuel (HVAF) thermal spray (M3, UniqueCoat Technologies, USA). 
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rates were determined to be approximately 6x10-8mm3/Nm for the liquid 
fuelled thermal spray coating and 3x10-8mm3/Nm for the HVAF thermal 
spray coating [49]. Both WC-Co-Cr coatings were determined to have a 
microhardness in excess of 1200 HV0.3 and it is likely that this difference 
in coating hardness can largely explain the difference in specific wear rate 
between the WC-Co-Cr coatings and the composite coatings studied within 
this chapter. While the WC-Co/NiCrFeSiB coatings studied within this work 
suffered material loss at an order of magnitude higher than a comparative 
WC-Co-Cr sprayed by a modern HVOF thermal spray torch, the composite 
coatings still suffered wear that can be described as mild [5], meaning they 
show decent potential as wear resistant coatings for low load applications. 
It has been shown that many of the vulnerabilities within the composite 
coatings studied throughout this chapter originate from insufficient in-flight 
acceleration of larger Ni alloy particles during the spray process. Due to the 
smaller size and porous structure of the WC-Co particles in the composite 
feedstock, these particles likely possess a higher surface area to volume 
ratio meaning the efficiency of heat transfer between the hot gases and the 
in-flight particles. Meanwhile in contrast the larger, solid Ni alloy particles 
would likely have slower heating rates. The specific heat capacities of the 
two materials has been estimated using empirical relationships from other 
sources at a range of temperatures [138,139], and it was observed that 
the specific heat capacity of the Ni alloy is almost twice as large as that of 
WC-Co, meaning the effect of size on heating rate is even more pronounced 
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greater energy input is required to increase the material’s temperature per 
unit mass. This difference in particle heating rates means it is likely 
extremely challenging to optimise the spray parameters in order to achieve 
the best out of both materials in the composite feedstock, as raising the 
flame powder to sufficiently melt the NiCrFeSiB particles would result in 
increased heating of the WC-Co particles, likely leading to decarburisation 
of the WC phase.  
When considering ID-HVOF thermal spray processes it is likely that the 
torch will have to operate at very short stand-off distances meaning this 
optimisation process may be even more difficult to achieve. When applying 
coatings on the inside of a cylindrical tube with a 70mm internal diameter 
as carried out in the previous chapter, particle acceleration is required to 
be higher than that of the particles deposited within this work at the 100mm 
stand-off distance.  
For future applications of this composite coating for internal surfaces, one 
possible solution to improve the coating quality could be to use a composite 
powder feedstock with a narrower particle size range, including finer Ni 
alloy particles. This may reduce the differences between the rates of 
heating of the two materials, allowing for easier optimisation of the spray 
parameters. Furthermore, the use of smaller Ni alloy particles would also 
lead to greater rates of acceleration in the spray process which as discussed 
may improve the performance of the final coating, particularly when 
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Increasing the overall gas flowrate into the torch was seen to improve the 
properties of the sprayed coatings but comes with the issue of higher 
operating costs for the coating manufacturer. The economics behind the 
application of thermal spray coatings is beyond the scope of this work, 
however in this case using this method to improve coating properties will 
result in greater operating costs due to the higher flowrates of gas required. 
Depending on the application of the sprayed coating, increasing the 
microhardness of the coating to high levels by increasing gas flowrate may 
not be needed; therefore it will come down to a case by case basis whether 
or not the extra operating costs are worth spending. The increased 
operating costs may be necessary when applying coatings at very low 
stand-off distances in future ID HVOF thermal spray processes however, as 
the greater combustion chamber pressure brought on by the higher overall 
gas flowrates into the torch will lead to more rapid acceleration of the in-
flight particles helping to negate short stand-off distances. 
 Summary of chapter 
 
In this chapter, a composite powder feedstock containing a 50/50 mixture 
of WC-Co/NiCrFeSiB was sprayed under two different spray conditions, with 
one condition having higher overall gas flowrates in order to investigate the 
effects on the coating microstructure, mechanical properties and sliding 
wear resistance.  
It was observed that increasing gas flowrate resulted in coatings with lower 




178 | P a g e  
 
similar. The improved microhardness led to these coatings showing smaller 
rates of material loss during the sliding wear tests against both WC-Co and 
Al2O3 counterbodies, in comparison to coatings sprayed with the reduced 
gas flowrate. Both coatings suffered higher rates of material loss against 
Al2O3 compared to WC-Co, due to the wear of the ceramic ball increasing 
during the test, leading to increased wear from abrasion due to embedded 
coating material stuck in the worn counterbody surface.  
Ni alloy splats that had retained their original spherical shape could be seen 
throughout the microstructure of both coatings; however, these features 
were measured on average to be larger in size within the coating sprayed 
at the higher gas flowrate. The presence of such features is likely related 
to insufficient in-flight particle velocity, with the average larger size of the 
undeformed splats when spraying using higher flowrates indicating a 
greater proportion of the particle feedstock is in the size range allowing 
sufficient acceleration during spraying. It is probable that the reduced 
microhardness, higher porosity and therefore worse sliding wear resistance 
of the coating sprayed using lower gas flowrates is also related to lower in-
flight particle velocities. 
For use in future ID-HVOF thermal spraying of composite powder 
feedstocks, it is recommended to use to a mixture of two materials with a 
similar particle size range to make the optimisation of spray parameters 
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Chapter 7. Conclusions and recommendations for 
future work 
 
 Overall Conclusions 
 
The work throughout this thesis has been carried out to meet the main aims 
and objectives of this work listed in Section 1.1. From the results previously 
presented, the following conclusions can be made. 
In Chapter 4, WC-Co-Cr powder feedstocks with differing WC grain sizes 
and particle size ranges were sprayed using an ID-HVOF thermal spray 
torch. It was determined that spraying a powder feedstock with a reduced 
WC grain size resulted in a coating with a reduced microhardness and 
fracture toughness. This nanostructured coating was seen to undergo the 
highest amount of wear under high load conditions, likely due to its inferior 
mechanical properties. Due to these results, this powder was not selected 
for the following ID thermal spray experiments. In comparison, the 
selection of a powder with a larger carbide grain size but reduced particle 
size range produced a coating with the highest microhardness of all 
coatings tested within this study. The results of this study show that 
utilising a particle feedstock with a reduced particle size range when 
spraying with this ID-HVOF thermal spray system comes with no significant 
disadvantages. Due to the inherent advantages for ID-HVOF thermal 
spraying of a reduced powder size discussed in Section 2.4, this powder 
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Chapter 5 presents a study in which the previously selected WC-Co-Cr 
powder was sprayed onto the internal surface of cylindrical parts using the 
ID-HVOF thermal spray torch. Different spray runs were conducted, 
applying coatings within parts with 3 separate internal diameters to provide 
insight into the effect of part diameter and therefore stand-off distance on 
the microstructure and sliding wear resistance of the sprayed coatings. It 
was found that the coatings sprayed within the 3 separate sized parts 
differed in phase composition, mechanical properties and sliding wear 
resistance. Coatings sprayed within the smallest 70mm part were found to 
have the lowest microhardness and highest porosity, likely due to the short 
stand-off distance resulting in insufficient in-flight particle acceleration. The 
coating sprayed within the 90mm part was found to have the best 
mechanical properties and lowest wear rates, meaning the spray 
parameters used were best optimised for this particular stand-off distance. 
The coating sprayed within the 110mm part was seen to suffer severe sub-
surface cracks following the sliding wear testing. This was likely due to the 
increased amounts of η-phase carbide Co3W3C found within the 
microstructure in comparison to the other coatings, whose presence has 
been shown to reduce fracture toughness. This phase has been shown to 
form when substrate cooling is insufficient, showing the importance of 
controlling the temperature of the substrate during ID spraying processes. 
Overall however, the results of Chapter 5 prove that wear resistant WC-Co-
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internal diameter as low as 70mm, showing that this process could be 
potentially applied for commercial use in the future. 
In Chapter 6 WC-Co/NiCrFeSiB coatings were sprayed using the ID-HVOF 
thermal spray torch at a stand-off distance of 100mm to simulate coating 
an internal surface. 2 different spray parameter sets were used, one with a 
higher overall gas flowrate into the torch. It was found that raising the gas 
flowrate resulted in coatings with a lower porosity and higher 
microhardness, while the fracture toughness remained similar. As a result 
of these improved properties, the coating sprayed at the greater gas 
flowrate suffered a reduced amount of material loss during sliding wear 
testing. This was likely due to the higher combustion chamber pressure 
caused by the higher gas flowrate leading to a greater rate of in-flight 
particle acceleration and therefore velocity at the time of impact with the 
substrate. The results of this chapter show that the use of such mixed 
powder feedstocks is viable when using this ID-HVOF thermal spray 
system, proving that their use could be potentially used in the future. 
However, it is likely that the coating properties could be improved by using 
a mixture of materials that are closer in particle size and therefore this is 
recommended for any future application.  
 Future work 
 
The following section will outline any future work relevant to the main topic 
of this thesis that would further enhance the arguments and conclusions 
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Results in this work revealed that using nanostructured WC-Co-Cr powder 
did not result in an increase of the coating hardness, which was said to 
contradict statements by others. Spraying the same nanostructured WC-
Co-Cr powder using different spray parameter sets with the ID-HVOF 
thermal spray torch would provide insight into whether the performance of 
nanostructured coatings could be further improved. The use of a 
nanostructured WC-Co-Cr powder with a reduced overall particle size could 
also be used as a powder feedstock for future work, as reduced particle 
sizes were shown to lead to improvements in the coating sliding wear 
resistance. If these powders are not commercially available, they could be 
prepared through intensive ball milling of the commercially available 
nanostructured WC-Co-Cr powder used within this study. 
In-flight particle temperature and velocity measurements when spraying 
the same WC-Co-Cr powder with the ID-HVOF thermal spray torch at stand-
off distances corresponding to the different sized cylinders in Chapter 5 
would provide vital data regarding the state of the particles at the moment 
of impact with the substrate, confirming the arguments presented 
throughout this work. These measurements could be carried out alongside 
a spray parameter optimisation process, to help increase coating quality as 
far as possible. These in-flight measurements could also be carried out 
when spraying with the composite powder feedstock; however, it is unclear 
how successful this would be due to the likely difference in behaviour of the 
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Appendix A – In-flight particle measurements of WC-
Co-Cr using a liquid fuelled HVOF thermal spray system 
 
To assess the relationship between the spray parameters and in-flight 
particle conditions and the coating microhardness and to validate the 
conclusions developed throughout this thesis, a WC-Co-Cr powder 
feedstock (AMPERIT® 558.074, H.C. Starck, Germany) was sprayed using 
a MetJet II HVOLF thermal spray torch using three separate sets of spray 
parameters, displayed below in Table 0-1. A stand-off distance of 200mm 
was used for all spray runs. 
 
 
Table 0-1 - Spray parameters used for in-flight particle measurements 
The Accuraspray G4 (Tecnar, Canada) was used to measure the in-flight 
particles, the relationship between in-flight particle temperature, velocity 
and coating microhardness measured from in-flight particle measurements 
is displayed below in Figure 0-1.  
Parameter MJ-1 MJ-2 MJ-3 
Oxygen (L/min) 835 890 870 














From the data presented it can be observed that the temperature difference 
between the inflight particles when spraying using this spray parameters 
above is minimal, with the average temperature from all three runs being 
measured between 1811 – 1816°C. The in-flight particle velocity was seen 
to differ more significantly however, with the MJ-3 parameters giving rise 
to a much higher particle velocity than the other two parameter sets, with 
a measured in-flight particle velocity of just over 560m/s, in comparison to 
the other two parameter sets at 545m/s and 547m/s for the MJ-1 and MJ-
2 parameter sets respectively. The MJ-3 parameter set produced a coating 
that also had a significantly higher hardness than the other two parameter 
sets with a hardness of 1069 HV0.3, while the MJ-1 and MJ-2 coatings had 




Figure 0-1 - Relationship between coating hardness and in-flight temperature 
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This data shows the clear link between in-flight particle velocity and coating 
microhardness, with the higher in-flight particle velocity of the MJ-3 
parameters producing a coating that also has a higher microhardness. It 
was discussed in Chapter 4 that particle temperature may also play a role 
in the microhardness of WC-Co-Cr coatings, because of decarburisation. 
Excessive overheating of WC-Co-Cr particles in flight may lead to the 
dissolution of WC grains into a liquid or semi molten binder leading to the 
formation of other phases such as W2C, which have a higher hardness but 
lower fracture toughness than WC. As a result, high particle temperatures 
in flight may possibly lead to increased coating hardness. However, the 
results presented in reveal that the particle temperature was very similar 
for each spray parameter set, meaning the coatings likely have a very 
similar phase composition. Taking the particle velocity into account, it could 
be argued that the hardest coating in this case may have undergone less 
decarburisation than the other two coatings, as the higher in-flight velocity 
would result in a shorter residence time in the flame. Therefore, it is most 
likely that the difference in coating hardness exhibited from the coatings 
above is a result of the increase in the in-flight particle velocity. 
The MJ-3 parameter set that produced the coatings with the highest 
microhardness also required the greatest overall input into the torch, with 
higher oxygen and kerosene flowrates. This outcome mirrors the results 
gathered from the work carried out in Chapter 6, as the NiSF_HF coating 
sprayed using a greater amount of input gases than its counterpart also 
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the phase composition of the composite coatings sprayed by each 
parameter set, meaning this could not explain the difference in 
microhardness. The data above likely proves that the improved hardness 
and consequently better sliding wear resistance in the of the NiSF_HF 
coating was due to higher in-flight particle velocities provided by the higher 
gas input into the torch.  
Increasing the input of oxidising and diluting gases and fuel into the torch 
may lead to an increase in the combustion chamber pressure, due to a 
greater mass of material entering the fixed combustion chamber volume 
per unit time [20]. Combustion chamber pressure has been shown to be 
directly linked to in-flight particle velocity in other work [23,129] and can 
be increased by raising the fuel flowrate into the torch [130]. Higher 
combustion chamber pressures will lead to greater in-flight particle 
velocities due to the larger pressure drop between occurring when the gas 
leaves the combustion chamber, resulting in increased gas acceleration.  
